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Abstract

In this thesis, different experimental programs were developed aiming to design appropriate
thermomechanical processing routes to correlate the effects induced by thermomechanical
processing on the microstructure and mechanical properties of Super Duplex Stainless Steel
(SDSS) F55 alloy, to obtain an appropriate combination of strength and ductility properties.
The developed experimental programs show a high level of complexity. The processing
routes were based on the following main parameters: the deformation temperature of SDSS
F55 alloy, in the range of 1000°C to 1150°C, the solution treatment temperature, in the range
of 1000°C to 1100°C and, the solution treatment duration, in the range of 20min to 60min.
Hot deformation at 1000°C and 1050°C lead to a microstructure containing Ferrite (3),
Austenite (y) and Sigma (o) phases. Hot deformation at temperatures above 1100°C lead to a
microstructure containing only Ferrite (8) and Austenite (y) phases, the Sigma (o) phase
being dissolved from the SDSS F55 alloy microstructure. Applying a solution treatment at
1000°C leads to Sigma (o) phase precipitation within the SDSS F55 alloy microstructure,
while at solution treatments above 1050°C the Sigma (o) phase disappeared from the
microstructure. The mechanical properties obtained by tensile (0.2 Yield Strength, Ultimate
Tensile Strength and Elongation to fracture) and microhardness (HVO0.1) testing are suffering
changes depending on the applied thermomechanical processing route. The fracture surfaces
obtained after tensile testing were examined in order to determine the SDSS F55 alloy
fracture behaviour.

Keywords: Super duplex stainless steel alloy; Microstructure; Mechanical properties;
Thermomechanical processing; Fracture surface; Optical microscopy; Scanning electron
microscopy.
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Chapter 1: Introduction

1.1. Overview

The stainless steels are iron-based alloys consisting of almost 11% of chromium, with the
role of preventing rusting and, also, to give heat resistant properties [1]. Stainless-steel alloys
contain small quantities of carbon, sulphur, copper, niobium, molybdenum, aluminium,
silicon, titanium, nickel and selenium [2]. Some stainless-steel alloys are frequently assigned
in three digits numbers, e.g., 304 stainless steel [3]. The existence of chromium in the alloy
microstructure prevents the formation of surface oxides, which can generate an unfavourable
surface layer increasing the corrosion rate [4].

Corrosion resistance could be raised by raising the content of the chromium, above 11%, the
content of nickel, up to 8% or higher, and the content of molybdenum, all improving the
stainless-steel alloy pitting corrosion resistance. Adding nitrogen can increase the pitting
corrosion resistance and, also, raises the mechanical strength.

The history of stainless steel alloys development started in 1798 when Louis Vauquelin
presented chromium to the French Academy. At the beginning of the 1800°s James Stoddart,
Robert Mallet and Michael Faraday proved that the resistance to oxidizing agents can be
increased by adding chromium to the steel composition, due to Robert Bunsen's discovery in
1821 that showed that chromium possesses a high resistance to strong acids. The resistance to
corrosion of iron-chromium alloys was observed also by Pierre Berthier, which recommended
their potential use in the cutlery industry. Standardized chromium-containing steels were
produced in 1840’s by Sheffield and Krupp steelmakers and were used in canon constructions
since 1850’s [5].

Due to their corrosion resistance, the steels containing chromium were firstly used in the civil
industry (buildings and bridge constructions) by J. Baur in Brooklyn. In 1869 the first patent
for a chromium alloy product was issued in USA. After that, John Clark and Englishmen J.T.
Woods researched besides chromium the addition of tungsten in order to improve alloy’s
corrosion resistance. Hans Goldschmidt, in 1890’s, researched the aluminothermic operation
to produce carbon-free chromium. Between 1904-1911 many researchers, such as Leon
Guillet, investigated some alloys that today would be recognised as stainless-steel alloys.

Chapter 2: Metallurgical aspects of stainless steels and their applications

2.1. Introduction

definition, super duplex stainless steels are a group of iron-based alloys that consist of almost
equal fractions of ferrite (3-Fe) phase, as a matrix, and austenite (y-Fe) phase.

The chemistry of the duplex stainless steel governs the weight fraction of the constituent
ferrite (6-Fe) and austenite (y-Fe) phases [14]. The weight fraction combination of ferrite —
austenite phases can be obtained by mixing different quantities of ferrite/austenite stabilizing
elements. Molybdenum and chromium are active as ferrite stabilizers, generating a large
ferrite forming range in the alloy’s phase diagram. Generally, the ferrite phase is considered
the dominant phase and is showing good mechanical and corrosion resistance, due to its
increased content of chromium. Chromium is considered one of the most significant alloying
elements within stainless steel composition due to its ability to generate a passive film of
Cr203 on alloy surfaces [15].
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2.2. Classification of Duplex Stainless Steels
Duplex stainless steel can be classified into many classes, considering the weight fraction of
the alloy elements, which are playing a major role in the alloy’s corrosion resistance.
Normally, the designation of the duplex stainless steel is in four numbers: the initial two
numbers show the volume fraction of Cr and, the second two numbers show the volume
fraction of Ni. Thus, 2507 duplex stainless steel presents a volume fraction 25%Cr and 7%NIi.
Besides this, many types of duplex stainless steel contain registered designation trademarks,
like Uranus 50, Ferralium 255 and Zeron 100. By Nilsson [28], the duplex stainless steels
can be categorized into four main classes:
2.2.1 Low Alloyed
2.2.2 Medium Alloyed
2.2.3 High Alloyed
2.2.4 Super Duplex Stainless Steels
2.6 Duplex stainless steels: some use areas
2.6.1 Oil Production:

e Heat exchangers

e Crude Distillation

e Hydrotreating
2.6.2 Petrochemicals
2.6.3 Desalination plants
2.6.4 Automotive Applications

Chapter 3: Thermomechanical processing of stainless-steel alloys.

3.1. Introduction

This chapter is focused on the mechanical and thermal processing steps/operations that may
be applied to the stainless steel alloys. The major mechanical and thermal processing
operations are shown in this chapter to give ground for understanding the induced changes
during an applied thermomechanical processing cycle, in terms of microstructural and
mechanical behaviour [79].

Chapter 4: Problem statement and objectives.

4.1. Problem statement

Numerous researchers tried to observe the relation between the microstructure properties and
the mechanical characteristics of duplex stainless steel alloys, but they did not establish an
exact relation. In fact, a very complex and complicated relationship is governing the link
between the microstructural properties that the exhibited mechanical behaviour. Moreover,
nearly all microstructural properties directly affect each other. For instance, the grain size of
the ferrite phase (0) affects the grain size of the austenite phase (y), the width of the
ferrite/austenite boundaries and, many other properties. Because of the complex and the
complicated relationship between the microstructural properties and the exhibited mechanical
behaviour, is nearly impossible to assess how a change in a single microstructural
characteristic is influencing a single mechanical property. Also, one must take into
consideration that the material’s microstructure is easily influenced by the applied
thermomechanical processing route and, therefore, many processing parameters can be

2
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considered of extreme importance and must be accounted. A first step in gaining insight into
this complex equation is to completely characterize the processed material, from the
microstructural and the mechanical point of view, by qualitative and quantitative advanced
techniques. A second step consists of correlations establishments between the accounted
parameters followed by the quantification of this link/relation.

Considering the specific case of super duplex stainless steel alloys, several modern
mechanical processing operations, such as rolling, forging, extrusion, etc, can be employed to
apply a certain plastic strain. Also, several thermal processing operations, such as annealing,
quenching, tempering, ageing, etc, can be employed. All being able to induce changes in the
alloy’s microstructure and, therefore, changes in the alloy’s mechanical behaviour.

4.2. Research questions and hypothesis

In industrial components/parts, manufactured from the super duplex stainless steel (SDSS)
alloys, failure occurred, speciality, when these parts were working in harsh conditions,
consisting of high temperatures and chloride-rich environments, by stress corrosion cracking
and/or pitting/crevice corrosion. Therefore, choosing a suitable alloy in these fields could
potentially take an important role in the extension of life by increasing the alloy’s corrosion
resistance and, also, its mechanical properties.

Usually, the SDSS alloys can be used in many corrosive environments within the temperature
range of -50°C to less than 300°C. So, if we could increase the alloy’s ability to resist
chloride corrosion and, also, increase its mechanical properties by applying a proper
thermomechanical processing cycle, can lead to a big impact in expanding the utilization of
the SDSS alloys. The temperature at which the mechanical processing is performed and the
temperature of the applied thermal processing, as well as, its duration can have a big impact
on the final microstructural and mechanical characteristics of the processed SDSS alloy.

As investigated material, the super duplex stainless steel (SDSS) S32760 / F55 alloy was
considered, due to its promising utilization in many industrial fields, from the oil/gas industry
to the desalination.

4.3. Main objectives of the thesis

The thesis objectives are categorized as follows:

» to have a better understanding of how to adequately process the S32760 / F55 SDSS
alloy, using various processing parameters and to quantify the induced effects on the
alloy’s microstructure and its mechanical behaviour;

> to optimize the final microstructural and mechanical characteristics of the S32760 / F55
SDSS alloys;

> to employ various techniques of investigation, such as scanning electron microscopy
(SEM) and X-ray diffraction (XRD) for the microstructural properties and tensile and
microhardness testing for the mechanical characteristics.

4.4. Structure of the thesis

The thesis structure consists of two parts. The first part contains the overview and
introduction presented in chapter 1, the metallurgical view of stainless steels and their
applications in chapter 2, while chapter 3 presents a general overview of the mechanical and
thermal processing operation. The second part contains the experimental section, starting
with the problem statement and the objective of the thesis in chapter 4, the methodology of

3
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samples processing and advanced characterization in chapter 5, microstructural evolution
during thermomechanical processing presented in chapter 6, mechanical properties evolution
during thermomechanical processing presented in chapter 7 and, general conclusions,
personal contributions, recommendations, and future research directions presented in chapter
8.

The thesis finishes with the list of references, appendices and the list of publications/results
dissemination.

Chapter 5: methodology
5.1 Introduction
This chapter presents a detailed description of the alloy sampling system, the utilized
equipment and the applied characterization methods.

5.3. Thermomechanical processing routes applied to UNS S32760/F55 SDSS

Four experiments performed with a UNS S32760/F55 SDSS alloy. Initial dimensions of
thermo-mechanically processed samples are 100 mm length, 14.8 mm width and 7.5 mm
thickness. Four different temperatures of hot rolling were used in the experiments (1000,
1050, 1100, 1150)°C, all heat treatments carried out using a high temperature
NABERTHERM furnace.

o

As-received (AR)
SDSS F55 / §32760 alloy

|
Hot-deformed by rolling

(HD2)
- temperature: T = 1050°C

- applied deformation: € = 60%

J

Hot-deformed by rolling
(HD3)
- temperature: T = 1100°C
- applied deformation: € = 60%

Hot-deformed by rolling
(HD1)
- temperature: T = 1000°C
- applied deformation: € = 60%

/ Solution treatment (ST) \

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 4.1.1)
- 1000°C / 40min / WQ (ST 4.1.2)

/ Solution treatment (ST) Solution treatment (ST) \ ( Solution treatment (ST) \

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 3.1.1)
- 1000°C / 40min / WQ (ST 3.1.2)

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 2.1.1)
- 1000°C / 40min / WQ (ST 2.1.2)

Treatment temperature: 1000°C
-1000°C / 20min / WQ (ST 1.1.1)
- 1000°C / 40min / WQ (ST 1.1.2)

- 1000°C / 60min / WQ (ST 1.1.3)

- 1000°C / 60min / WQ (ST 2.1.3)

- 1000°C / 60min / WQ (ST 3.1.3)

- 1000°C / 60min / WQ (ST 4.1.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 1.2.1)
- 1050°C / 40min / WQ (ST 1.2.2)
- 1050°C / 60min / WQ (ST 1.2.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 2.2.1)
- 1050°C / 40min / WQ (ST 2.2.2)
- 1050°C / 60min / WQ (ST 2.2.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 3.2.1)
- 1050°C / 40min / WQ (ST 3.2.2)
- 1050°C / 60min / WQ (ST 3.2.3)

Treatment temperature: 1050°C
-1050°C / 20min / WQ (ST 4.2.1)
- 1050°C / 40min / WQ (ST 4.2.2)
- 1050°C / 60min / WQ (ST 4.2.3)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 1.3.1)
- 1100°C / 40min / WQ (ST 1.3.2)
- 1100°C / 60min / WQ (ST 1.3.3)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 2.3.1)
- 1100°C / 40min / WQ (ST 2.3.2)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 3.3.1)
- 1100°C / 40min / WQ (ST 3.3.2)

- 1100°C / 60min / WQ (ST 3.3.3)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 4.3.1)
- 1100°C / 40min / WQ (ST 4.3.2)

- 1100°C / 60min / WQ (ST 4.3.3)

- 1100°C / 60min / WQ (ST 2.3.3)j

> 4

Fig. 5.1 Schematic representation of the experiments of thermomechanical processing applied
SDSS F55 alloy
After removing the samples from the furnace, the samples were subjected to the hot
deformation (HD) by rolling, using a &180 x 150 mm duo rolling-mill. The thickness of
samples subjected to hot deformation decreased during deformation. Each hot deformation
processing stage was followed by a solution treatment, using different treatment temperatures
(21000°C, 1050°C and 1100°C) and different treatment durations (20min, 40min and 60min),

as shown in Figure 5.1.
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5.4 Metallographic analysis

Specimens were removed from all processed samples for metallographic investigation. All
specimens were prepared with excellent surface finish and, were hot mounted in a cylindrical
sampler of PHENOCURE black phenolic conductive resin using a BUEHLER Simplimet
hydraulic mounting press. The operation allows users to control the mounting cycle. All
specimens were, also, subjected to mechanical grinding with SiC paper from (180-1200) grit,
in six passes (60s/pass) and polishing by 6um and 1um polycrystalline diamond suspension
(180s/pass) using a Metkon DIGIPREP Accura.

All specimens were polished in high quality 0.05um colloidal silica suspension mixed within
a 1/5 ratio of 20% H.O> (300s/step) and finally vibratory polishing within 0.02um colloidal
silica mixed within a 1/5 ratio of 20% H20: (3.6ks) using a BUEHLER Vibromet 2. The
VibroMet2 polishing machine assures chemo-mechanically polishing for sample surface
finishing and fits for electron-backscatter diffraction (EBSD) examination.

The microstructural characterization was performed using a Scanning Electron Microscopy
(SEM) - TESCAN VEGA Il — XMU. The dispersion of alloying elements within the S32760
/ F55 SDSS alloy microstructure was determined by Energy Dispersive Spectroscopy (EDS)
using a BRUKER x-Flash 6/30 EDS detector connected with the TESCAN VEGA Il — XMU
SEM. The EBSD characterization was performed using a BRUKER e-Flash 1000 EBSD
detector connected with the TESCAN VEGA Il — XMU SEM.

The alloy’s microstructure analysis was completed with X-ray diffraction (XRD)
investigations. The XRD investigations were performed using a Rigaku Mini-Flex 600
diffractometer. The XRD investigations allowed rapid phase identification and phase
characteristics for as-received specimens.

5.5. Mechanical analysis

The mechanical properties of all specimens were investigated in the rolling direction (RD) -
transverse direction (TD) samples plane. The tensile strength test was performed at room
temperature by using an INSTRON 3382universal machine. All investigated specimens were
prepared for tensile testing and machined with a “dog-bone” shape. The average values of
ultimate tensile strength (cuts), 0.2% yield strength (c0.2%) and fracture elongation (&f) were
estimated to study the correlation between microstructure and mechanical behaviour. Vickers
microhardness testing was performed at room temperature using INNOVATEST Falcon 500
equipment. The load applied to the specimens during microhardness testing was 0.1kg
(0.98066 N) with a dwell time of 10s for the ferrite and austenite phases, while for the sigma
phase the load was 0.025kg (0.24516 N).

Chapter 6: Microstructural properties evolution during thermomechanical

processing of F55 SDSS alloy

6.1. Introduction

This chapter is focused on the advanced analysis of the microstructural evolution during
thermomechanical processing by hot-deformation and different solution treatments of F55
(UNS S32760) super duplex stainless steel (SDSS) alloy (see Fig. 6.1).

As observed (see Fig. 6.1), the applied thermomechanical processing route assumes, firstly, a
hot-deformation (at different temperatures: 1000°C; 1050°C; 1100°C; 1150°C) and,
secondly, a solution treatment (at different temperatures: 1000°C; 1050°C; 1100°C; and
different treatment durations: 20min; 40min; 60min). By applying such a processing route

5
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one can investigate the evolution of the F55 alloy’s microstructure in the complex space of
thermomechanical processing conditions, which can offer important observations/clues in
understanding the microstructural evolution during thermomechanical processing.

The microstructural characterization can be performed using the following investigation
techniques: XRD (X-ray Diffraction), SEM-EBSD (Scanning Electron Microscopy—Electron
Backscattering Diffraction), SEM-EDS (SEM-Energy Dispersive Spectroscopy), SEM-SE
(SEM-Secondary Electrons), SEM-BSE (SEM-Backscattered Electrons), etc. Based on these
investigation techniques, it can obtain important data concerning the nature and structure,

volume fraction, grain size and chemistry of the constituent phases.
4 ™

As-received (AR)
SDSS F55 / §32760 alloy

" 4
|
A 4
Hot-deformed by rolling Hot-deformed by rolling Hot-deformed by rolling
(HD1) (HD2) (HD3)
- temperature: T = 1000°C - temperature: T = 1050°C - temperature: T = 1100°C
- applied deformation: € = 60% - applied deformation: &€ = 60% - applied deformation: € = 60%

( Solution treatment (ST) \ / Solution treatment (ST) \ / Solution treatment (ST) \ ( Solution treatment (ST) \

Treatment temperature: 1000°C Treatment temperature: 1000°C Treatment temperature: 1000°C Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 1.1.1) - 1000°C / 20min / WQ (ST 2.1.1) - 1000°C / 20min / WQ (ST 3.1.1) - 1000°C / 20min / WQ (ST 4.1.1)
- 1000°C / 40min / WQ (ST 1.1.2) - 1000°C / 40min / WQ (ST 2.1.2) - 1000°C / 40min / WQ (ST 3.1.2) - 1000°C / 40min / WQ (ST 4.1.2)
- 1000°C / 60min / WQ (ST 1.1.3) - 1000°C / 60min / WQ (ST 2.1.3) - 1000°C / 60min / WQ (ST 3.1.3) - 1000°C / 60min / WQ (ST 4.1.3)
Treatment temperature: 1050°C Treatment temperature: 1050°C Treatment temperature: 1050°C Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 1.2.1) - 1050°C / 20min / WQ (ST 2.2.1) - 1050°C / 20min / WQ (ST 3.2.1) - 1050°C / 20min / WQ (ST 4.2.1)
- 1050°C / 40min / WQ (ST 1.2.2) - 1050°C / 40min / WQ (ST 2.2.2) - 1050°C / 40min / WQ (ST 3.2.2) - 1050°C / 40min / WQ (ST 4.2.2)
- 1050°C / 60min / WQ (ST 1.2.3) - 1050°C / 60min / WQ (ST 2.2.3) - 1050°C / 60min / WQ (ST 3.2.3) - 1050°C / 60min / WQ (ST 4.2.3)

Treatment temperature: 1100°C Treatment temperature: 1100°C Treatment temperature: 1100°C Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 1.3.1) - 1100°C / 20min / WQ (ST 2.3.1) -1100°C / 20min / WQ (ST 3.3.1) - 1100°C / 20min / WQ (ST 4.3.1)
- 1100°C / 40min / WQ (ST 1.3.2) -1100°C / 40min / WQ (ST 2.3.2) - 1100°C / 40min / WQ (ST 3.3.2) - 1100°C / 40min / WQ (ST 4.3.2)
- 1100°C / 60min / WQ (ST 1.3.3)) - 1100°C / 60min / WQ (ST 2.3.3)j - 1100°C / 60min / WQ (ST 3.3.3)/ K-uoo"c / 60min / WQ (ST 4.3.3)J

h

Fig. 5.1 Thermomechanical processing scheme applied to F55 (UNS S32760) SDSS alloy.
6.2. As-received (AR) state
The as-received (AR) F55 (UNS S32760) SDSS alloy was completely characterized from the
microstructural and mechanical point of view. The microstructural characterization employed
XRD, SEM-EBSD and SEM-EDS investigation techniques.
By XRD analysis (see Fig. 6.2) the following phases were identified:
- ferrite phase (d): indexed in 229 (Im-3m) body centred cubic (BCC) crystalline system,
with a lattice parameter a = 2.883A, for which the following diffraction peaks were observed:
(110) - 44.41°; (200) - 64.59°; (211) - 81.76°.
- austenite phase (p): indexed in 225 (Fm-3m) face centred cubic (FCC) crystalline system,
with a lattice parameter a = 3.616A, for which the following diffraction peaks were observed:

(111) - 43.31°; (200) - 50.44°; (220) - 74.14°.

Table 6.1
Average volume fraction [%wt] and average grain size [um] for AR F55 SDSS alloy.
Average volume fraction Average grain-size
Structural state [Yowt] [um]
v +2 0 c vy +7y2 0 c
As-received (AR) sample 50+0.7 @ 49+0.3 - 88+3 12746 -
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Fig. 6.2 XRD spectra of as-received (AR) F55 (UNS S32760) SDSS alloy.

Fig. 6.3. SEM-EBSD microstructure analysis of as-received alloy; distribution of ferrite and austenite phases
(a), austenite phase distribution (b), ferrite phase distribution (c).

The SEM-EBSD analysis (see Fig. 6.3) showed that the AR F55 SDSS alloy consists of
approximatively equal volume fractions (50+0.7 / 49+0.3) of y- phase / &-phase (see Table
6.1). It can observe that the y-phase shows an island-like morphology in the &-phase matrix.
Also, can be observed that the average grain-size of the y- phase is close to 88+3 um while
the o&-phase is close to 12746 um (see Table 5.1). The SEM-EDS analysis of alloying
elements distribution maps for Fe, Cr, Ni, Mo, Al, Si, Mn and Cu (see Fig. 6.4b — 6.4i) show
that the ferrite (3-phase) is enriched in Cr, Mo, W and Si and depleted in Ni, Mn and Cu,
while the austenite (y-phase) is enriched in Ni, Mn and Cu and depleted in Cr, Mo, W and Si.
These qualitative observations are supported by the computed chemical compositions of both
y-phase and &-phase, which are presented in Tables 6.3 and 6.4. Figure 6.4a shows a
characteristic SEM-BSE image of AR F55 SDSS alloy, in which it can easily identify the
ferrite (coloured in light grey) and austenite (coloured in dark grey) constituent phases. The
overall/global chemical composition of AR F55 SDSS alloy is presented in Table 6.2, in
which it can be observed that the composition falls within the prescription for the 1.4501 /
UNS S32760 / F55 alloy [101].

The SEM-EDS analysis shows that the main y-stabilizing alloying element is constituted by
Ni, which must be in a higher weight fraction in order to surpass its solubility limit in the &-
phase. In the AR F55 SDSS alloy the Ni weight fraction in the matrix &-phase is close to 5.54
(%wt), while in the y-phase being close to 8.69 (%wt) and an overall average close to 7.50
(Yowt).
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Fig. 6.4. SEM-BSE microstructural image of AR F55 SDSS alloy (a); SEM-EDS images of distribution map for
Fe (b); Cr (c); Ni (d); Mo (e); Al (f); Si (g); Mn (h); Cu (i).

Chemical composition of AR F55 SDSS alloy[101].

Table 6.2

Elem. At. No. Mass norm. % Atom abs % Err_or % Rel. error %
(1 Sigma) (1 Sigma)
Iron 26 60.19 58.67 1.62 2.56
Chromium 24 25.85 27.06 0.73 2.7
Nickel 28 7.50 6.95 0.22 2.78
Molybdenum 42 2.78 1.58 0.10 3.54
Aluminum 13 1.45 2.93 0.10 6.64
Silicon 14 0.86 1.67 0.07 7.21
Manganese 25 0.60 0.59 0.04 6.53
Copper 29 0.58 0.50 0.04 6.55
Tungsten 74 0.20 0.06 0.03 14.45
100% 100%
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Table 6.3
Chemical composition for the austenite (y-phase)[101].
EET' No. Mass norm. % Atom abs % Er;%ﬁﬁ)(l R(el. g:gr;;;@
Fe 26 62.58 61.85 1.55 2.57
Cr 24 25.72 27.30 0.68 2.72
Ni 28 8.69 8.18 0.24 2.83
Mo 42 1.33 0.76 0.11 8.35
w 74 0.03 0.01 0.00 11.83
Si 14 0.34 0.67 0.04 13.23
Mn 25 0.55 0.55 0.04 7.89
Cu 29 0.59 0.51 0.04 7.78
\% 23 0.166 0.17 0.03 20.73
100.00 100.00
Table 6.4
Chemical composition for the ferrite (3-phase)[101].
Elem. At. | No. Mass norm. % Atom abs % Err_or % Rel. error %
(1 Sigma) (1 Sigma)
Fe 26 60.77 60.41 1.53 2.57
Cr 24 28.50 30.43 0.76 2.71
Ni 28 5.54 5.24 0.16 3.04
Mo 42 3.23 1.87 0.17 5.53
w 74 0.43 0.13 0.04 10.08
Si 14 0.45 0.89 0.05 11.06
Mn 25 0.46 0.46 0.04 8.82
Cu 29 0.47 0.41 0.04 9.01
\% 23 0.14 0.16 0.03 21.88
100.00 100.00

6.3. Hot deformation at 1000°C (HD1) state

The microstructural SEM-EBSD analysis of hot deformed, by rolling, at 1000°C (HD1) state
is presented in Figure 6.5. It can be noticed that the applied intense (total applied deformation
degree = 60%) hot deformation leads to the following observations, firstly, it can observe that
a new phase (see Fig. 6.5a - coloured in yellow) is generated/precipitated within the
microstructure, this new phase was identified as the o-phase and, secondly, both initial & and

v phases are showing signs of intense deformation.

Table 6.5
Average volume fraction [%owt] and average grain size [um] for HD1 state.

Average volume fraction Average grain-size

Structural state [Yowt] [um]
Y +7y2 o c v +v2 0 c
Hot deformed at 1000°C (HR1) 50.7 45.8 35 19.3 57.5 5.32

In depth analysis of o-phase precipitation shows that, mainly, the c-phase precipitation
occurred at 6 to y phase boundaries, within &-phase, in sites where favourable conditions are
occurring to promote a 6 > o precipitation reaction. Also, in some small areas, it can observe
that the o-phase precipitation occurred at o to & phase boundaries, within &-phase, in sites
where favourable conditions are occurring to promote a 6 = o + y2 eutectoid precipitation
reaction. The analysis of variations in the average volume fraction of constituent phases
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shows that during hot deformation (at 1000°C) only in the case of &-phase and c-phase are
recorded variations, confirming that the y-phase does not contribute to c-phase precipitation
(see Table 6.4). The overall observed c-phase weight fraction was situated close to 3.5
(%wt), while the average grain-size was situated close to 5.32um (see Table 6.5).
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Fig. 6.5. SEM-EBSD microstructure of hot-rolled at 1000°C (HD1) state (a); austenite phase (b); ferrite phase
(c); sigma phase (d).
In terms of mechanical behaviour, the occurrence of o-phase is an undesirable phase, due to
its deleterious effect - induced embrittlement — on alloy’s toughness properties [102].
Morphological aspects of deformed & and y phases show the presence of intense deformed
and fragmented grains also, the presence of strain-hardening phenomena within the
microstructure. Comparing the &-phase grains with the y-phase grains, it can observe that the
v-phase grains are showing signs of more intense fragmentation in comparison with the 5-
phase grains, while &-phase grains are showing signs of more intense strain-hardening in
comparison with the y-phase grains. These observations can be explained based on
differences in the crystallography of both phases, which assumes that the FCC crystalline
system (y-phase) is accommodating the applied deformation better compared to the BCC
crystalline system (6-phase) by slip/twinning for the same applied stress/strain level, due to
it’s easier to activate slip/twinning on its higher atomic density planes [103] also, leading to a
lower internal defect density (related to the strain-hardening) resulted after accommodating
the applied stress/strain [104]. The computed average grain-size of both &-phase and y-phase
shows that the fragmentation of the y-phase grains is much more intense when compared to 6-
phase grains, it can observe that the average grain-size of the y-phase was situated close to
19.3um, while in the 3-phase case close to 57.5um (see Table 6.5).
6.4. Solution treatment at 1000°C (ST1) state
6.4.1. Solution treatment at 1000°C (ST1.1) state
Figure 6.6 shows the microstructural evolution as a result of applying a solution treatment at
1000°C, with a treatment duration of 20min (Figure 6.6a), 40min (Figure 6.6b) and 60min
(Figure 6.6c). In the case of the solution treatment performed with a treatment duration of
20min (ST 1.1.1) it can observe that the initially intensely deformed &-phase and y-phase
grains are fully recrystallized, all grains showing uniform morphology and a very low defect
density. The average grain-size of the y-phase is close to 15.1um while, the &-phase is close
to 51.8um. Besides the 5-phase and y-phase it can observe that the c-phase is present in the
microstructure, suggesting that the treatment duration is still low enough to assure
precipitation of the o-phase (Figure 6.6a). Analysing the location of c-phase precipitates it
can observe that, mainly, the precipitation occurred at & to y phase boundaries, within &-
phase, in sites where favourable conditions are met in order to promote a 6 - o precipitation.
Also, it can be seen in the sites at 6 to 6 phase boundaries, within &-phase, where favourable

10
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conditions are met in order to promote 6 = & + y2 eutectoid precipitation/decomposition. The
overall observed c-phase weight fraction was situated close to 2.7 (%wt), while the average
grain-size was situated close to 4.9um (see Table 6.6). The analysis of variations in the
average volume fraction of constituent phases shows that during solution treatment (at
1000°C with a treatment duration of 20min) only in the case of &-phase and o-phase are
recorded significant variations, confirming that the o-phase is linked to the 5-phase and not
linked to the y-phase (see Table 6.6).

attern

ttern quali

Fig. 6.6. Characteristic SEM-EBSD microstructural images of solution treated samples at 1000°C (ST 1.1)
state, with a treatment duration of 20min (ST 1.1.1) (a); 40min (ST 1.1.2) (b); 60min (ST 1.1.3) (c).

Increasing the treatment duration to 40min (Figure 6.6b) it can be seen that the weight
fraction of the o-phase is increasing, being recorded close to 3.7 (%wt). It can be noticed that
the o-phase precipitates are located, almost in equal fractions, at 6 to y and 3 to & phase
boundaries, suggesting that with treatment duration increment the precipitation mechanism is
shifted towards 6 = o + vy2 eutectoid precipitation/decomposition, an observation confirmed
by the small increase observed in the (y + y2) weight fraction, form 50.3(%wt) to 51.6(%wt)
(see Table 6.6). In terms of average grain-size it can observe an increase for all phases, from
15.1um to 19.6um for y-phase, from 51.8um to 54.9um for &-phase and from 4.9um to
5.5um for o-phase, due to the grain-growth by diffusion mechanism (see Table 6.6).

Table 5.6
Average volume fraction [%owt] and average grain size [um] for ST 1.1 state.
Average volume fraction Average grain-size
Structural state / [%6wi] [um]
Solution treatment at 1000°C (ST 1.1) H
Y +7y2 0 c v+72 0 c
Solution treated: 1000°C/20mins/WQ (ST 1.1.1) 50.3 47.0 2.7 15.1 51.8 49
Solution treated: 1000°C/40mins/WQ (ST 1.1.2) 51.6 449 35 19.6 54.9 55
Solution treated: 1000°C/60mins/WQ (ST 1.1.3) 51.9 42.6 55 16.6 57.7 6.0

By increasing the treatment duration to 60min (Figure 6.6c), the weight fraction of the o-
phase is still increasing, reaching a value close to 5.5 (%wt). It can be seen that the o-phase
precipitates are located, mainly, at & to 5 phase boundaries, within &-phase, where favourable
conditions are meet in order to promote & = & + y2 eutectoid precipitation / decomposition,
suggesting that the 8 - o + y2 eutectoid precipitation / decomposition tends to become the
most influential o-phase precipitation mechanism, observation confirmed by further observed
increase in the (y + y2) weight fraction, form 51.6(%wt) to 51.9(%wt) (see Table 5.6). In
terms of average grain-size, it can observe that both the &-phase and the c-phase show an
increase to 57.7um and, respectively, 6um, while the y-phase shows a decrease to 16.6um.
Must be noticed that this is an apparent decrease, due to the increasing number of newly
11
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precipitated vz-phase small-size grains generated within the &-phase by the eutectoid
decomposition.

6.4.2. Solution treatment at 1050°C (ST1.2) state

Figure 6.7 shows the microstructural aspects obtained after applying a solution treatment at
1050°C, with a treatment duration of 20min (Figure 6.7a), 40min (Figure 6.7b) and 60min
(Figure 6.7c).

Fig. 6.7. Characteristic SEM-EBSD microstructural images of solution treated samples at 1050°C (ST 1.2)
state, with a treatment duration of 20min (ST 1.2.1) (a); 40min (ST 1.2.2) (b); 60min (ST 1.2.3) (c).

In the case of the solution treatment performed with a treatment duration of 20min (ST 1.2.1)
it can observe that the initially intensely deformed &-phase and y-phase grains are fully
recrystallized, all grains showing uniform morphology and a very low defect density (see
Figure 6.7a). The average grain-size of the y-phase is close to 15.8um while, the 3-phase is
close to 52.8um (see Table 6.7). No other precipitated secondary phases are observed,
suggesting that the treatment temperature is situated above the threshold temperature to
induce precipitation of the deleterious o-phase. The overall average weight fraction of the
observed y-phase was situated close to 51.5 (%wt), while the average weight fraction of the
d-phase was close to 48.5 (%wt) (see Table 6.7). Increasing the treatment duration to 40min
(Figure 6.7b) results in a small increase in the weight fraction of the &-phase, from 48.5
(%wt) to 49.5 (%wt), suggesting that at this treatment duration the y - & phase transition is
occurring, but with a small transformation rate. Also, it can be seen that the average grain-
size of the constituent y-phase and 3-phase are increasing, from 15.8um to 18.4um and,
respectively, from 52.8um to 55.1um, due to the grain-growth by diffusion mechanism (see

Figure 6.7b and Table 6.7).
Table 6.7
Average volume fraction [%owt] and average grain size [um] for ST 1.2 state.

Average volume L
Average grain-size

Structural state / fraction
Solution treatment at 1050°C (ST 1.2) [Yowt] [uml
Y +y2 0 c Y +y2 0 c
Solution treated: 1050°C/20mins/WQ (ST 1.2.1) = 51.5 @ 485 - 15.8 52.8
Solution treated: 1050°C/40mins/WQ (ST 1.2.2) = 50.5 = 49.5 - 18.4 55.1
Solution treated: 1050°C/60mins/WQ (ST 1.2.3)  49.2 50.8 - 20.1 58.5

Further increasing the treatment duration to 60min (Figure 6.7c) leads to a continuous
increase in the weight fraction of the &-phase, reaching 50.8 (%wt), confirming that at
1050°C and long enough durations the y - & phase transition is occurring and can be

12
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significant in terms of transformed weight fraction (see Figure 6.9c and Table 6.7). Also, the
noticed increase in the average grain-size of both constituent y-phase and 5-phase, to 20.1um
and, respectively, to 58.5um, is confirming that the grains are growing due to the diffusion
mechanism (see Figure 6.7c and Table 6.7).

6.4.3. Solution treatment at 1100°C (ST1.3) state

Figure 6.8 shows the microstructural aspects obtained after applying a solution treatment at
1100°C, with a treatment duration of 20min (Figure 6.8a), 40min (Figure 6.8b) and 60min
(Figure 6.8c). In the case of the solution treatment performed with a treatment duration of
20min (ST 1.3.1) it can be observed that the microstructure consists of fully recrystallized
constituent y-phase and 3-phase grains, all grains showing uniform morphology and a very
low defect density. The average grain-size of the y-phase is close to 19.4um while, the &-
phase is close to 56um (see Figure 6.8a and Table 6.8). No other precipitated secondary
phases are observed. The overall average weight fraction of the observed y-phase was
situated close to 48.3 (%wt), while the average weight fraction of the 5-phase was close to
51.7 (%wt) (see Table 6.8).

Fig. 6.8. Characteristic SEM-EBSD microstructural images of solution treated samples at 1100°C (ST 1.3)
state, with a treatment duration of 20min (ST 1.3.1) (a); 40min (ST 1.3.2) (b); 60min (ST 1.3.3) (c).

Increasing the treatment duration to 40min (ST 1.3.2) (Figure 6.8b) results in an increase in
the weight fraction of the &-phase, from 51.7 (%wt) to 53.6 (%wt), suggesting that at this
treatment duration the y - & phase transition is occurring, but with a higher transformation
rate comparing with the solution treatment performed at 1050°C (ST 1.2) case. Also, it can be
noticed that the average grain-size of the constituent y-phase and &-phase are increasing, to
22.6um and, respectively, to 78.2um, indicting, also, that the grain-growth rate is higher
compared with the solution treatment performed at 1050°C (ST 1.2) case (see Figure 6.8b and
Table 6.8).

Table 6.8
Average volume fraction [owt] and average grain size [um] for ST 1.3 state.
Average volume fraction Average grain-size
Structural state / [%6wt] [um]
Solution treatment at 1100°C (ST 1.3) H
Y+ 0 c Y+ 0 c
Solution treated: 1100°C/20mins/WQ (ST 1.3.1) 48.3 51.7 - 194 56.0
Solution treated: 1100°C/40mins/WQ (ST 1.3.2) 46.4 53.6 - 22.6 78.2
Solution treated: 1100°C/60mins/WQ (ST 1.3.3) 44.9 55.1 - 26.5 88.3

Further increasing the treatment duration to 60min (ST 1.3.3) (Figure 6.8c) leads to a
continuous increase in the weight fraction of the &-phase, reaching 55.1 (%wt), confirming
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that at 1100°C and long enough durations the y = & phase transition is occurring and is
significant in terms of transformed weight fraction (see Figure 6.8c and Table 6.8). Also, it
can notice a significant increase in the average grain-size of both constituents y-phase and 6-
phase, to 26.5um and, respectively, 88.6um (see Figure 6.8c and Table 6.8).

6.5. Hot deformation at 1050°C (HD?2) state

The microstructural SEM-EBSD analysis of hot deformed, by rolling, at 1050°C (HD2) state
is presented in Figure 6.13. It can be observed that the applied intense (total applied
deformation degree = 60%) hot deformation leads to the following observations, firstly, it can
be seen that o-phase generated/precipitated in continue within the microstructure (see Fig.
6.9a - coloured in yellow) is generated/precipitated within the microstructure and, secondly,
both initial 8 and y phases are showing signs of intense deformation.

Table 6.9
Average volume fraction [%owt] and average grain size [um] for HD2 state.
Average volume fraction Average grain-size
Structural state [Yowt] [um]
Y +y2 0 c Y +7y2 0 c
Hot deformed at 1050°C (HR2) 48.8 50.8 0.4 33.2 77.2 5.32

In-depth analysis of c-phase precipitation shows that, mainly, the c-phase precipitation
occurred at & to y phase boundaries, in sites where favourable conditions are occurring to
promote a 3 - o precipitation reaction. The analysis of variations in the average volume
fraction of constituent phases shows that during hot deformation (at 1050°C) only in the case
of &-phase and o-phase did not record big variations, confirming that the y-phase contributes
to o-phase precipitation (see Table 6.9). The overall observed c-phase weight fraction was
situated close to 0.4 (%wt), while the average grain-size was situated close to 5.32um (see
Table 6.9).

Morphological aspects of deformed & and y phases show the presence of intense deformed
and fragmented grains also, the presence of strain-hardening phenomena within the
microstructure. Comparing the 3-phase grains with the y-phase grains, it can be noticed that
the y-phase grains are showing signs of more intense fragmentation in comparison with the &-
phase grains, while 3-phase grains are showing signs of more intense strain-hardening in
comparison with the y-phase grains. The computed average grain-size of both &-phase and y-
phase shows that the fragmentation of the y-phase grains is much more intense when
compared to &-phase grains, it can observe that the average grain-size of the y-phase was
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Fig. 6.9. SEM-EBSD microstructure of hot-rolled at 1050°C (HD2) state (a); austenite phase (b); ferrite phase
(c); sigma phase (d).
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6.6. Solution treatment at 1050°C (ST2) state

6.6.1. Solution treatment at 1000°C (ST2.1) state

Figure 6.10 shows the microstructural evolution as a result of applying a solution treatment at
1000°C, with a treatment duration of 20min (Figure 6.10a), 40min (Figure 6.10b) and 60min
(Figure 6.10c). In the case of the solution treatment performed with a treatment duration of
20min (ST 2.1.1), it may be observed that the initially intensely deformed &-phase and vy-
phase grains are fully recrystallized, all grains showing uniform morphology and a very low
defect density. The average grain-size of the y-phase is close to 19.1um while, the &-phase is
close to 57.2um. Besides the 5-phase and y-phase it can observe that the c-phase is present in
the microstructure, suggesting that the treatment duration is still low enough to assure
precipitation of the o-phase (Figure 6.10a). Analysing the location of c-phase precipitates it
can be observed that, mainly, the precipitation occurred at 5 to y phase boundaries, within &-
phase, in sites where favourable conditions are met in order to promote a 3 = o precipitation.
Also, it may be seen sites at & to & phase boundaries, within &-phase, where favourable
conditions are met in order to promote 6 - & + y2 eutectoid precipitation/decomposition. The
overall observed c-phase weight fraction was situated close to 1.1 (%wt), while the average
grain-size was situated close to 5.3um (see Table 6.10).

Fig. 6.10. Characteristic SEM-EBSD microstructural images of solution treated samples at 1000°C (ST 2.1)
state, with a treatment duration of 20min (ST 2.1.1) (a); 40min (ST 2.1.2) (b); 60min (ST 2.1.3) (c).

The analysis of variations in the average volume fraction of constituent phases shows that
during solution treatment (at 1000°C with a treatment duration of 20min) only in the case of
d-phase and o-phase are recorded significant variations, confirming that the o-phase is linked
to the &-phase and not linked to the y-phase (see Table 6.10).

Table 6.10
Average volume fraction [%owt] and average grain size [um] for ST 2.1 state.
Average volume fraction Average grain-size
Structural state / [26wi] [um]
Solution treatment at 1000°C (ST 1.1) H
Yt 8 ¢ Y+T2 5 c

Solution treated: 1000°C/20mins/WQ (ST 2.1.1)  50.2 48.7 1.1 19.1 57.2 5.3
Solution treated: 1000°C/40mins/WQ (ST 2.1.2) = 51.7 46.6 1.7 24.4 69.2 7.2
Solution treated: 1000°C/60mins/WQ (ST 2.1.3)  52.6 445 29 29.5 74.5 8.2

Increasing the treatment duration to 40min (Figure 6.10b) it can be seen that the weight
fraction of the o-phase is increasing, being recorded close to 1.7 (%wt). It can be noticed that
the o-phase precipitates are located, almost in equal fractions, at & to y and & to & phase
boundaries, suggesting that with treatment duration increment the precipitation mechanism is
shifted towards 6 = o + vy2 eutectoid precipitation/decomposition, an observation confirmed
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by the small increase observed in the (y + y2) weight fraction, form 50.2(%wt) to 51.7(%wt)
(see Table 6.10). In terms of average grain-size it can observe an increase for all phases, from
19.1um to 24.4um for y-phase, from 57.2um to 69.2um for &-phase and from 5.3um to
7.2um for o-phase, due to the grain-growth by diffusion mechanism (see Table 6.10).
Increasing the treatment duration to 60min (Figure 6.10c) it can be seen that the weight
fraction of the o-phase is still increasing, reaching a value close to 2.9 (%wt). It can be
noticed that the o-phase precipitates are located, mainly, at 6 to & phase boundaries, within -
phase, where favourable conditions are met to promote J&—>c+y2 eutectoid
precipitation/decomposition, suggesting that the d2>0+y2 eutectoid
precipitation/decomposition tends to become the most influential o-phase precipitation
mechanism, an observation confirmed by the further observed increase in the (y + y2) weight
fraction, form 51.7(%wt) to 52.6(%wt) (see Table 6.10). In terms of average grain-size, it can
observe that &-phase, y-phase and o-phase show an increase to 74.5um, 29.5um and
respectively, 8.2um,

6.6.2. Solution treatment at 1050°C (ST2.2) state

Figure 6.11 shows the microstructural aspects obtained after applying a solution treatment at
1050°C, with a treatment duration of 20min (Figure 6.11a), 40min (Figure 6.11b) and 60min
(Figure 6.11c). In the case of the solution treatment performed with a treatment duration of
20min (ST 2.2.1), it can be observed that the initially intensely deformed &-phase and y-phase
grains are fully recrystallized, all grains showing uniform morphology and a very low defect
density. The average grain-size of the y-phase is close to 24.4um while, the d-phase is close
to 63.5um (see Table 6.11). No other precipitated secondary phases are observed. The overall
average weight fraction of the observed y-phase was situated close to 51.1 (%wt), while the
average weight fraction of the 3-phase was close to 48.9 (%wt).
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Flg 6. 11 Characterlstlc SEM-EBSD mlcrostructural images of solution treated samples at 1050°C (ST 2.2)
state, with a treatment duration of 20min (ST 2.2.1) (a); 40min (ST 2.2.2) (b); 60min (ST 2.2.3) (c).

Table 6.11
Average volume fraction [owt] and average grain size [um] for ST 2.2 state.
Average volume fraction Average grain-size
Structural state / [%6wt] [um]
Solution treatment at 1050°C (ST 2.2)
Yt o c Yty2 0 c
Solution treated: 1050°C/20mins/WQ (ST 2.2.1) 51.1 48.9 - 24.4 63.5
Solution treated: 1050°C/40mins/WQ (ST 2.2.2) 49.3 50.7 - 318 715
Solution treated: 1050°C/60mins/WQ (ST 2.2.3) 47.8 52.2 - 333 74.4
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Increasing the treatment duration to 40min it can notice a small increase in the weight
fraction of the &-phase, from 48.9 (%wt) to 50.7 (%wt), suggesting that at this treatment
duration the y = & phase transition is occurring. Also, it can notice that the average grain-size
of the constituent y-phase and &-phase are increasing, from 24.4um to 31.8um and,
respectively, from 63.5um to 71.5um, due to the grain-growth by diffusion mechanism (see
Figure 6.11b and Table 6.11). Further increasing the treatment duration to 60min (Figure
6.11c) leads to a continuous increase in the weight fraction of the 3-phase, reaching 52.2
(%wt), confirming that at 1050°C and long enough durations the y = & phase transition is
occurring and can be significant in terms of transformed weight fraction (see Table 6.11).
Also, the noticed increase in the average grain-size of both constituent y-phase and 5-phase,
to 33.3um and, respectively, 74.4um (Table 6.11).

6.6.3. Solution treatment at 1100°C (ST2.3) state

Figure 6.12 shows the microstructural aspects obtained after applying a solution treatment at
1100°C, with a treatment duration of 20min (Figure 6.12a), 40min (Figure 6.12b) and 60min
(Figure 6.12c¢).

In the case of the solution treatment performed with a treatment duration of 20min (ST 2.3.1)
it can observe that the microstructure consists of fully recrystallized constituent y-phase and
d-phase grains, all grains showing uniform morphology and a very low defect density. The
average grain-size of the y-phase is close to 20.4um while, the 5-phase is close to 66.5um
(see Table 6.12). No other precipitated secondary phases are observed. The overall average
weight fraction of the observed y-phase was situated close to 47 (%wt), while the average
weight fraction of the 3-phase was close to 53 (%wt) (see Table 6.12).

Fig. 6.12. Characteristic SEM-EBSD microstructural images of solution treated samples at 1100°C (ST 2.3)
state, with a treatment duration of 20min (ST 2.3.1) (a); 40min (ST 2.3.2) (b); 60min (ST 2.3.3) (c).

Table 6.12
Average volume fraction [owt] and average grain size [um] for ST 2.3 state.
Average volume fraction Average grain-size
Structural state / [%6wi] [um]
Solution treatment at 1100°C (ST 2.3)
Y+ 0 c v+ 72 0 c
Solution treated: 1100°C/20mins/WQ (ST 2.3.1)  47.0 53.0 - 20.4 66.5
Solution treated: 1100°C/40mins/WQ (ST 2.3.2) 445 55.5 - 30.4 74.6
Solution treated: 1100°C/60mins/WQ (ST 2.3.3)  42.8 57.2 - 44.3 78.1

Increasing the treatment duration to 40min (ST 2.3.2) it can be noticed an increase in the
weight fraction of the &-phase, from 53(%wt) to 55(%wt), suggesting that at this treatment
duration the y - & phase transition is occurring, showing a higher transformation rate
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comparing with the solution treatment performed at 1050°C (ST 2.2) case. Also, it can be
seen that the average grain-size of the constituent y-phase and &-phase are increasing, to
30.4um and, respectively, to 74.6um, indicting, also, that the grain-growth rate is higher
compared with the solution treatment performed at 1050°C (ST 2.2) case (see Table 6.12).
Further increasing the treatment duration to 60min (ST 2.3.3) leads to a continuous increase
in the weight fraction of the &-phase, reaching 57.2 (%wt), confirming that at 1100°C and
long enough durations the y > & phase transition is significant in terms of transformed
weight fraction (see Table 6.12). Also, it can be noticed a significant increase in the average
grain-size of both constituent y-phase and &-phase, to 44.3um and, respectively, 78.1um (see
Figure 6.12c and Table 6.12).

6.7. Hot deformation at 1100°C (HD3) state

The microstructural SEM-EBSD analysis of hot deformed, by rolling, at 1100°C (HD3) state
is presented in Figure 6.13. It can observe that the applied intense (total applied deformation
degree = 60%) hot deformation leads to the following observations, firstly, both initial 5 and
v phases are showing signs of intense deformation secondly, no other precipitated secondary
phases are observed, suggesting that the hot deformation temperature is situated above the
threshold temperature to induce precipitation of the deleterious c-phase (see Fig. 6.13a).

The analysis of variations in the average volume fraction of constituent phases shows that
during hot deformation (at 1100°C) only in the case of 5-phase recorded small variations,
confirming that the y-phase contributes to 5-phase transition (see Table 6.13). The overall
observed &-phase weight fraction was close to 52.6 (%wt) and the austenite phase close to
47.4 (%wt), while the average grain-size was situated close to 113um and 73.8 respectively
(see Table 6.13).

Table 6.13
Average volume fraction [%owt] and average grain size [um] for HD2 state.
Average volume fraction Average grain-size
Structural state [Yowt] [um]
Yty o c Y+ o c
Hot deformed at 1100°C (HR3) 47.4 52.6 - 73.8 113 -

Fig. 6.13. SEM-EBSD microstructure of hot-rolled at 1100°C (HD3) state (a); austenite phase (b); ferrite phase (c).
Morphological aspects of deformed & and y phases show the presence of intense deformed
and fragmented grains also, the presence of strain-hardening phenomena within the
microstructure. Comparing the 5-phase grains with the y-phase grains, it can be observed that
the y-phase grains are showing signs of more intense fragmentation in comparison with the -
phase grains, while &-phase grains are showing signs of more intense strain-hardening in
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comparison with the y-phase grains. The computed average grain-size of both 5-phase and vy-
phase shows that the fragmentation of the y-phase grains is much more intense when
compared to &-phase grains, it can observe that the average grain-size of the y-phase was
situated close to 73.8 um, while in thed-phase case close to 113 um (see Table 6.13).

6.8. Solution treatment at 1100°C (ST3) state

6.8.1. Solution treatment at 1000°C (ST3.1) state

Figure 6.14 shows the microstructural evolution as a result of applying a solution treatment at
1000°C, with a treatment duration of 20min (Figure 6.14a), 40min (Figure 6.14b) and 60min
(Figure 6.14c). In the case of the solution treatment performed with a treatment duration of
20min (ST 3.1.1) it can observe that the initially intensely deformed &-phase and y-phase
grains are fully recrystallized, all grains showing uniform morphology and a very low defect
density. The average grain-size of the y-phase is close to 26.1um while, the 5-phase is close
to 40.2um. Besides the 3-phase and y-phase it can be observed that the c-phase is present in
the microstructure, suggesting that the treatment duration is still low enough to assure
precipitation of the o-phase (Figure 6.14a).

Analysing the location of c-phase precipitates it can be seen that, mainly, the precipitation
occurred at o to y phase boundaries, within &-phase, in sites where favourable conditions are
met in order to promote a 6 > o precipitation. Also, it can be noticed sites at & to & phase
boundaries, within 5-phase, where favourable conditions are met in order to promote 6 2 o +
v2 eutectoid precipitation/decomposition. The overall observed o-phase weight fraction was
situated close to 2.9 (%wt), while the average grain-size was situated close to 4.7um (see
Table 6.14). The analysis of variations in the average volume fraction of constituent phases
shows that during solution treatment (at 1000°C with a treatment duration of 20min) only in
the case of 3-phase and o-phase are recorded significant variations, confirming that the o-
phase is linked to the 8-phase and not linked to the y-phase (see Table 6.14).

Increasing the treatment duration to 40min (Figure 6.14b) it can be noticed that the weight
fraction of the o-phase is increasing, being recorded close to 4.5(%wt). It can notice that the
c-phase precipitates are located, almost at & to 6 phase boundaries and less at & to v,
suggesting that with treatment duration increment the precipitation mechanism is shifted
towards 6 = o + y2 eutectoid precipitation/decomposition, an observation confirmed by the
small increase observed in the (y + y2) weight fraction, form 54.3(%wt) to 55.6(%wt) (see
Table 6.14). In terms of average grain-size it can observe an increase 6 phase, from 40.2um
to 58.6 um and from 4.7um to 6.8um for o-phase due to the grain-growth by diffusion
mechanism. For the y-phase average grain-size decreased, from 26.1um to 22.7um due to
generating small grains of secondary austenite at & to & phase boundaries which affect the
average grain size of the austenite phase (see Table 6.14).

Increasing the treatment duration to 60min (Figure 6.14c) it can be seen that the weight
fraction of the o-phase is still increasing, reaching a value close to 7.5 (%wt). It can be
noticed that the o-phase precipitates are located, mainly, at 6 to & phase boundaries, within &-
phase, where favourable conditions are meet in order to promote 8 - o + vy eutectoid
precipitation / decomposition, suggesting that the 6 = o + y2 eutectoid precipitation /
decomposition tends to become the most influential c-phase precipitation mechanism,
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observation confirmed by further observed increase in the (y + y2) weight fraction, form
55.6(%wt) to 57.9(%wt) (see Table 5.14).

70 ym

ath F———— | Ppattem quality+Phase map Px: 0.66 pr
Flg 6 14 Characterlstlc SEM-EBSD mlcrostructural images of solution treated samples at 1000°C (ST 3.1)
state, with a treatment duration of 20min (ST 3.1.1) (a); 40min (ST 3.1.2) (b); 60min (ST 3.1.3) (c).

Table 6.14
Average volume fraction [%wt] and average grain size [um] for ST 3.1 state.
Average volume fraction Average grain-size
Structural state / [%6wt] [um]
Solution treatment at 1000°C (ST 3.1)
Y +7y2 0 c v+ 0 c
Solution treated: 1000°C/20mins/WQ (ST 3.1.1) 54.3 42.8 2.9 26.1 40.2 4.7
Solution treated: 1000°C/40mins/WQ (ST 3.1.2) = 55.6 39.9 45 22.7 58.6 6.8
Solution treated: 1000°C/60mins/WQ (ST 3.1.3) = 579 34.6 75 19.1 55.7 7.1

In terms of average grain-size it can observe an increase o-phase, from 6.8um to 7.1um due
to the grain growth by diffusion mechanism. For y-phase and &-phase average grain-size
decreased to 19.1 and respectively, 55.7um due to generating small grains of secondary
austenite at 5 to & phase boundaries which affect the average grain size of austenite phase
(see Table 6.14).

6.8.2. Solution treatment at 1050°C (ST3.2) state

Figure 6.15 shows the microstructural aspects obtained after applying a solution treatment at
1050°C, with a treatment duration of 20min (Figure 5.15a), 40min (Figure 5.15b) and 60min
(Figure 5.15c¢). In the case of the solution treatment performed with a treatment duration of
20min (ST 3.2.1), it can be observed that the initially intensely deformed 5-phase and y-phase
grains are fully recrystallized, all grains showing uniform morphology and a very low defect
density (see Figure 6.15a). The average grain-size of the y-phase is close to 36.7um while,
the 3-phase is close to 54.2um (see Table 5.15). No other precipitated secondary phases are
observed. The overall average weight fraction of the observed y-phase was situated close to
54.4 (%wt), while the average weight fraction of the &-phase was close to 45.6 (%wt) (see
Figure 6.15a and Table 6.15).

Increasing the treatment duration to 40min (Figure 6.15b) one can see a small increase in the
weight fraction of the o&-phase, from 45.6 (%wt) to 48.3 (%wt), suggesting that at this
treatment duration the y = & phase transition is occurring, but with a small transformation
rate. Also, it can be noticed that the average grain-size of the constituent &-phase is
increasing, from 54.2um to 71.5um due to the grain growth by diffusion mechanism (see
Figure 6.15b and Table 6.15). While the average grain-size of the constituent y-phase
decreased from 36.7um to 33.8um due to generating small secondary austenite grains vy
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within ferrite phase at 6 to 6 phase boundaries which affect the average grain size of the
austenite phase (see Table 6.15).

Further increasing the treatment duration to 60min (Figure 6.15c) leads to a continuous
increase in the weight fraction of the &-phase, reaching 50.8 (%wt), confirming that at
1050°C and long enough durations the y - o phase transition is occurring and can be
significant in terms of transformed weight fraction (see Figure 15c and Table 6.15). Also, the
noticed increase in the average grain-size of the constituent 5-phase, to 84.2um confirms that
the grains are growing due to the diffusion mechanism, while the y-phase decreased to
30.9um (see Figure 6.15c and Table 6.15) due to the increasing the generation of small
secondary austenite grains y2 within ferrite phase (see Table 6.15).

Table 6.15
Average volume fraction [%owt] and average grain size [um] for ST 3.2 state.
Average volume fraction Average grain-size
Structural state / [%6wt] [um]
Solution treatment at 1050°C (ST 3.2)
Y+v2 o c Y+7y2 ) G
Solution treated: 1050°C/20mins/WQ (ST 3.2.1) 54.4 45.6 - 36.7 54.2
Solution treated: 1050°C/40mins/WQ (ST 3.2.2) 51.7 48.3 - 33.8 715
Solution treated: 1050°C/60mins/WQ (ST 3.2.3) 49.2 50.8 - 30.9 84.2

state, with a treatment duration of 20min (ST 3.2.1) (a); 40min (ST 3.2.2) (b); 60min (ST 3.2.3) (c).

6.8.3. Solution treatment at 1100°C (ST3.3) state

Figure 6.16 shows the microstructural aspects obtained after applying a solution treatment at
1100°C, with a treatment duration of 20min (Figure 6.16a), 40min (Figure 6.16b) and 60min
(Figure 6.16c¢). In the case of the solution treatment performed with a treatment duration of
20min (ST 3.3.1) it can be observed that the microstructure consists of fully recrystallized
constituent y-phase and 3-phase grains, all grains showing uniform morphology and a very
low defect density. The average grain-size of the y-phase is close to 33.1um while, the &-
phase is close to 72.5um (see Table 6.16). No other precipitated secondary phases are
observed. The overall average weight fraction of the observed y-phase was situated close to
45.1 (%wt), while the average weight fraction of the 3-phase was close to 54.9 (%wt) (see
Table 6.16).
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Fig. 6.16. Characteristic SEM-EBSD mlcrostructural images of solution treated samples at 1100°C (ST 3.3)
state, with a treatment duration of 20min (ST 3.3.1) (a); 40min (ST 3.3.2) (b); 60min (ST 3.3.3) (c).

Increasing the treatment duration to 40min (ST 3.3.2) (Figure 6.27b) one can see an increase
in the weight fraction of the 5-phase, from 58.2 (%wt) to 41.8 (%wt), suggesting that at this
treatment duration the y = & phase transition is occurring, but with a higher transformation
rate comparing with the solution treatment performed at 1050°C (ST 3.2) case. Also, it can be
noticed that the average grain-size of the constituent y-phase and 3-phase are increasing, to
37.6um and, respectively, to 87.5um, indicting, also, that the grain-growth rate is higher
compared with the solution treatment performed at 1050°C (ST 3.2) case (see Table 6.16).

Table 6.16
Average volume fraction [%wt] and average grain size [um] for ST 3.3 state.
Average volume fraction Average grain-size
Structural state / [%6wt] [um]
Solution treatment at 1100°C (ST 3.3) a
Y +7y2 0 c v+ 0 c
Solution treated: 1100°C/20mins/WQ (ST 3.3.1) 45.1 54.9 - 33.1 72.5
Solution treated: 1100°C/40mins/WQ (ST 3.3.2) 41.8 58.2 - 37.6 87.5

Solution treated: 1100°C/60mins/WQ (ST 3.3.3)  38.9 61.1 - 40.1 107

Further increasing the treatment duration to 60min (ST 3.3.3) (Figure 6.16c) leads to a
continuous increase in the weight fraction of the d-phase, reaching 61.1 (%wt), confirming
that at 1100°C and long enough durations the y = & phase transition is occurring and is
significant in terms of transformed weight fraction. Also, can be seen a significant increase in
the average grain-size of both constituents y-phase and &-phase, to 40.1um and, respectively,
107um (see Table 6.16).

6.9. Hot deformation at 1150°C (HD4) state

The microstructural SEM-EBSD analysis of hot deformed, by rolling, at 1150°C (HD4) state
is presented in Figure 6.17. It can be observed that the applied intense (total applied
deformation degree = 60%) hot deformation leads to the following observations, firstly, both
initial 6 and y phases are showing signs of intense deformation secondly, no other
precipitated secondary phases are observed, suggesting that the hot deformation temperature
is situated above the threshold temperature to induce precipitation of the deleterious c-phase
(see Fig. 6.17a).

The analysis of variations in the average volume fraction of constituent phases shows that
during hot deformation (at 1150°C) only in the case of &-phase recorded variations,
confirming that the y-phase contributes to &-phase transition (see Table 6.17). The overall
observed &-phase weight fraction was close to 59.3 (%wt) and the austenite phase close to
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40.7 (%wt), while the average grain-size was situated close to 119um and 42.7 respectively
(see Table 6.17).

Fig. 6.17. SEM-EBSD microstructure of hot-rolled at 1150°C (HD4) state (a); austenite phase (b);
ferrite phase (c).

Table 6.17
Average volume fraction [%owt] and average grain size [um] for HD4 state.
Average volume fraction Average grain-size
Structural state [Yowt] [um]
Y+v2 o c Y +7y2 ) G
Hot deformed at 1150°C (HR4) 40.7 59.3 - 42.7 119 -

Morphological aspects of deformed & and y phases show the presence of intense deformed
and fragmented grains also, the presence of strain-hardening phenomena within the
microstructure. Comparing the &-phase grains with the y-phase grains, it can be seen that the
v-phase grains are showing signs of more intense fragmentation in comparison with the 5-
phase grains, while &-phase grains are showing signs of more intense strain-hardening in
comparison with the y-phase grains. The computed average grain-size of both &-phase and y-
phase shows that the fragmentation of the y-phase grains is much more intense when
compared to &-phase grains, it can observe that the average grain-size of the y-phase was
situated close to 42.7 um, while in thed-phase case close to 119 um (see Table 6.17).

6.10. Solution treatment at 1105°C (ST4) state

6.10.1. Solution treatment at 1000°C (ST4.1) state

Figure 6.18 shows the microstructural evolution as a result of applying a solution treatment at
1000°C, with a treatment duration of 20min (Figure 6.18a), 40min (Figure 6.18b) and 60min
(Figure 6.18c). In the case of the solution treatment performed with a treatment duration of
20min (ST 4.1.1) it can be observed that the initially intensely deformed &-phase and y-phase
grains are fully recrystallized, all grains showing uniform morphology and a very low defect
density. The average grain-size of the y-phase is close to 30.9um while, the &-phase is close
to 45.5um. Besides the 5-phase and y-phase it can be seen that the c-phase is present in the
microstructure, suggesting that the treatment duration is still low enough to assure
precipitation of the o-phase (Figure 6.18a). Analysing the location of c-phase precipitates it
can be noticed that, mainly, the precipitation occurred at 6 to y phase boundaries, within -
phase, in sites where favourable conditions are met in order to promote a 6 - o precipitation.
Also, it can be seen sites at 5 to & phase boundaries, within 8-phase, where favourable
conditions are met in order to promote 5 = o + y2 eutectoid precipitation/decomposition. The
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overall observed o-phase weight fraction was situated close to 1.5 (%wt), while the average
grain-size was situated close to 4.4um (see Table 6.18). The analysis of variations in the
average volume fraction of constituent phases shows that during solution treatment (at
1000°C with a treatment duration of 20min) only in the case of 3-phase and c-phase are
recorded significant variations, confirming that the o-phase is linked to the 5-phase and not
linked to the y-phase (see Table 6.18).

Increasing the treatment duration to 40min (Figure 6.18b) it can be seen that the weight
fraction of the o-phase is increasing, being recorded close to 2.4 (%wit). It can be noticed that
the o-phase precipitates are located, almost at & to 6 phase boundaries and less at o to v,
suggesting that with treatment duration increment the precipitation mechanism is shifted
towards 6 = o + y2 eutectoid precipitation/decomposition, an observation confirmed by the
small increase observed in the (y + y2) weight fraction, form 55.5(%wt) to 56.3(%wt) (see
Table 6.18). In terms of average grain-size it can observe a decrease & phase, from 45.5um to
34.4 um and from 30.9um to 24.6um for (y + y2)-phase due to generating small grains of
secondary austenite at 6 to 6 phase boundaries which affect the average grain size of austenite
phase (see Figure 6.18b, Table 6.18). For o-phase average grain-size increase, from 4.4um to
5.2 um due to grain-growth by diffusion mechanism (see Table 5.18).

Fig. 6.18. Characteristic SEM-EBSD microstructural images of solution treated samples at 1000°C (ST 4.1)
state, with a treatment duration of 20min (ST 4.1.1) (a); 40min (ST 4.1.2) (b); 60min (ST 4.1.3) (c).

Table 6.18
Average volume fraction [%owt] and average grain size [um] for ST 4.1 state.
Average volume fraction Average grain-size
Structural state /
: [Yowt] [um]
Solution treatment at 1000°C (ST 4.1)

Y+ 0 c Y +y2 0 c
Solution treated: 1000°C/20mins/WQ (ST 4.1.1) 55.5 43.0 15 30.9 45.5 4.4
Solution treated: 1000°C/40mins/WQ (ST 4.1.2) = 56.3 41.3 2.4 24.6 34.4 52

Solution treated: 1000°C/60mins/WQ (ST 4.1.3) 57.1 37.4 55 19.9 28.7 6.2
Increasing the treatment duration to 60min (Figure 6.18c) it can notice that the weight
fraction of the o-phase is still increasing, reaching a value close to 5.5 (%wt). It can be
noticed that the o-phase precipitates are located, mainly, at 6 to & phase boundaries, within -
phase, where favourable conditions are met to promote 6 = o + y2 eutectoid precipitation/
decomposition, suggesting that the 8 2 & + v2 eutectoid precipitation/ decomposition tends to
become the most influential o-phase precipitation mechanism, an observation confirmed by
the further observed increase in the (y + y2) weight fraction, form 56.3(%wt) to 57.1(%wt)
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(see Table 6.18). In terms of average grain-size it can observe an increase c-phase, from
5.2um to 6.2um due to the grain-growth by diffusion mechanism.

For y-phase and 6-phase average grain-size decrease to 19.9um and respectively, 28.7um due
to generating small grains of secondary austenite at & to & phase boundaries which affect the
average grain size of the austenite phase (see Table 6.18).

6.10.2. Solution treatment at 1050°C (ST4.2) state

Figure 6.19 shows the microstructural aspects obtained after applying a solution treatment at
1050°C, with a treatment duration of 20min (Figure 6.19a), 40min (Figure 6.19b) and 60min
(Figure 6.19c). In the case of the solution treatment performed with a treatment duration of
20min (ST 4.2.1) it can be noticed that the initially intensely deformed &-phase and y-phase
grains are fully recrystallized, all grains showing uniform morphology and a very low defect
density (see Figure 6.19a). The average grain-size of the y-phase is close to 33.2um while,
the 3-phase is close to 63.9um (see Table 6.19). No other precipitated secondary phases are
observed. The overall average weight fraction of the observed y-phase was situated close to
47.9 (%wt), while the average weight fraction of the 5-phase was close to 52.1 (%wt) (see
Table 6.19).

Increasing the treatment duration to 40min (Figure 6.19b) it can notice a small increase in the
weight fraction of the o&-phase, from 52.1 (%wt) to 53.9 (%wt), suggesting that at this
treatment duration the y = & phase transition is occurring, but with a small transformation
rate. Also, it can be seen that the average grain-size of the constituent d-phase is increasing,
from 63.9um to 87.9um due to the grain-growth by diffusion mechanism (see Figure 6.19b
and Table 6.19). While the average grain-size of the constituent y-phase decreased from
33.2um to 31.5um due to generating small secondary austenite grains y2 within ferrite phase
at & to & phase boundaries which affect the average grain size of the austenite phase (see
Table 6.19).

state, with a treatment duration of 20min (ST 4.2.1) (a); 40min (ST 4.2.2) (b); 60min (ST 4.2.3) (c).
Further increasing the treatment duration to 60min (Figure 6.19c) leads to a continuous

increase in the weight fraction of the &-phase, reaching 55.8 (%wt), confirming that at
1050°C and long enough durations the y - & phase transition is occurring and can be
significant in terms of transformed weight fraction (see Table 6.19). Also, the noticed
increase in the average grain-size of constituent 5-phase, to 103um confirming that the grains
are growing due to the diffusion mechanism, while the y-phase decreased to 30.8um due to
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the increasing the weight fraction of small secondary austenite grains y» within ferrite phase
(see Figure 6.19Db).

Table 6.19
Average volume fraction [%owt] and average grain size [um] for ST 4.2 state.
Average volume fraction Average grain-size
Structural state / [%6wi] [um]
Solution treatment at 1050°C (ST 4.2)
Y+y2 5 G Y+ 72 5 G
Solution treated: 1050°C/20mins/WQ (ST 4.2.1)  47.9 52.1 - 33.2 63.9 -
Solution treated: 1050°C/40mins/WQ (ST 4.2.2) 46.1 53.9 - 315 87.9 -
Solution treated: 1050°C/60mins/WQ (ST 4.2.3) 44.2 55.8 - 30.8 103 -

6.10.3. Solution treatment at 1100°C (ST4.3) state

Figure 6.20 shows the microstructural aspects obtained after applying a solution treatment at
1100°C, with a treatment duration of 20min (Figure 6.20a), 40min (Figure 6.20b) and 60min
(Figure 6.20c). In the case of the solution treatment performed with a treatment duration of
20min (ST 4.3.1) it can be observed that the microstructure consists of fully recrystallized
constituent y-phase and &-phase grains, all showing uniform morphology and a very low
defect density. The average grain-size of the y-phase is close to 33.5um while, the &-phase is
close to 80.8um. No other precipitated secondary phases are observed. The overall average
weight fraction of the observed y-phase was situated close to 43.1 (%wt), while the average
weight fraction of the 3-phase was close to 56.9 (%wt) (see Table 6.20).

Fig. .20. Characteristic SEM-EBSD microstructural images of solution treated samples at 1100°C (ST 4.3)
state, with a treatment duration of 20min (ST 4.3.1) (a); 40min (ST 4.3.2) (b); 60min (ST 4.3.3) (c).
Increasing the treatment duration to 40min (ST 4.3.2) (Figure 6.20b) one can see an increase
in the weight fraction of the 5-phase, from 56.9 (%wt) to 60.4 (%wt), suggesting that at this
treatment duration the y - & phase transition is occurring, showing a higher transformation
rate comparing with the solution treatment performed at 1050°C (ST 4.2) case. Also, it can be
noticed that the average grain-size of the constituent y-phase and &-phase are increasing, to
38.8um and, respectively, to 106um, indicting, also, that the grain-growth rate is higher

compared with the solution treatment performed at 1050°C (ST 4.2) case (see Table 6.19).
Further increasing the treatment duration to 60min (ST 4.3.3) (Figure 6.20c) leads to a
continuous increase in the weight fraction of the &-phase, reaching 61.1 (%wt), confirming
that at 1100°C the y -> & phase transition is occurring and is significant in terms of
transformed weight fraction. Also, it can notice an increase in the average grain-size of both
constituents y-phase and &-phase, to 40.6um and, respectively 112um (see Table 6.20).
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Table 6.20
Average volume fraction [%owt] and average grain size [um] for ST 4.3 state.
Average volume fraction Average grain-size
Structural state / [%6wt] [um]
Solution treatment at 1100°C (ST 4.3)
Y+ 0 c Y +y2 0 c
Solution treated: 1100°C/20mins/WQ (ST 4.3.1)  43.1 56.9 - 335 80.8
Solution treated: 1100°C/40mins/WQ (ST 4.3.2)  39.6 60.4 - 38.8 106
Solution treated: 1100°C/60mins/WQ (ST 4.3.3) = 33.3 66.7 - 40.6 112

6.11. Conclusions
The following conclusions arise from the advanced analysis of the microstructural evolution
during thermomechanical processing of F55 SDSS alloy:

The austenite (y) phase is accommodating the applied deformation better compared to
the ferrite (8) phase, by slip/twinning, for the same applied stress/strain level, due to its
easier to activate slip/twinning on its higher atomic density planes of the FCC
crystalline system (y-phase) compared with the BCC crystalline system (3-phase);
Increasing the deformation temperature, from 1000°C (HD 1) to 1150°C (HD 4), leads
to an increase in the deformability of the ferrite (5) phase;

Increasing the deformation temperature, from 1000°C (HD 1) to 1150°C (HD 4), leads
to an increase in the defects density in both the austenite (y) and the ferrite (5) phases;
An increase in hot-deformation temperature, from 1000°C (HD 1) to 1150°C (HD 4),
leads to an increase in the average weight fraction of the ferrite (5) phase, from
45.8wt% (HD 1) to 59.3wt% (HD 4) and, to decrease in the average weight fraction of
the austenite (y) phase, from 50.7wt% (HD 1) to 40.7wt% (HD 4), due to the increase
kinetics of the y = & phase transition;

The sigma (o) phase precipitates were detected in the characteristic microstructures of
hot-deformed samples at 1000°C (HD 1) and 1050°C (HD 2) states;

Applying a solution treatment, from 1000°C to 1100°C, after hot deformation, leads to
regeneration of both parent austenite (y) and ferrite (8) phases, all showing a low
density of defects, no in-grain rotations/deflections and, low residual strain-stress
fields;

Sigma (o) phase precipitates resulting during solution treatment were identified only at
a treatment temperature of 1000°C (ST1.1, ST2.1, ST3.1 and ST4.1); two precipitation
mechanisms were observed, firstly, o-phase precipitation occurred at & to y phase
boundaries, within o-phase, by the & = o transformation and, secondly, o-phase
precipitation occurred at & to 6 phase boundaries, within &-phase, by the 6 2> o + 72
eutectoid precipitation/decomposition transformation;

An increase in the solution treatment duration, from 20min to 60min, in the case of
solution treatments performed at 1000°C (ST 1.1, ST 2.1, ST 3.1 and ST 4.1), leads to
an increase in both grain-size and weight fraction of the precipitated sigma (o) phase;
the highest average grain-size (7.1um) and weight fraction (7.5wt%) being recorded for
the samples hot-deformed at 1100°C (HD 3) and solution treated at 1000°C for 60 min
(ST 3.1.3);

An increase in the solution treatment temperature, from 1000°C to 1100°C, leads to an
increase in average grain-size of both the austenite (y) and the ferrite (3) phases; the
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highest values being recorded in the case of samples hot deformed at 1150°C (HD 4)
and solution treated at 1100°C for 60min (ST 4.3.3), when the average grain-size of the
austenite was close to 40.6pum while the ferrite close to 112um;

e An increase in the solution treatment temperature, from 1000°C to 1100°C, leads to an
increase in the average weight fraction of the ferrite (3) phase and, a decrease in the
average weight fraction of the austenite (y) phase; the highest average weight fraction
of the ferrite phase being recorded in the case of samples hot deformed at 1150°C (HD
4) and solution treated at 1100°C for 60min (ST 4.3.3) - close to 66.7wt%, while the
average weight fraction of the austenite phase - close to 33.3wt%;

e Annealing twins are formed within the austenite (y) phase during solution treatment
Chapter 7:Mechanical properties evolution during

thermomechanical processing of F55 SDSS alloy

7.1. Introduction

Chapter 7 is focused on the advanced analysis of the mechanical properties evolution as a
result of the applied thermomechanical processing routes, which assumed, firstly, a hot-
deformation (at different temperatures: 1000°C; 1050°C; 1100°C; 1150°C) and, secondly, a
solution treatment (at different temperatures: 1000°C; 1050°C; 1100°C; and different

treatment durations: 20min; 40min; 60min) (see Fig. 7.1).

As-received (AR)
SDSS F55 / §32760 alloy

!

Hot-deformed by rolling
(HD1)
- temperature: T = 1000°C

- applied deformation: € = 60%

!

Hot-deformed by rolling
(HD3)
- temperature: T = 1100°C
- applied deformation: € = 60%

Hot-deformed by rolling
(HD2)
- temperature: T = 1050°C
- applied deformation: & = 60%

/ Solution treatment (ST) \

Solution treatment (ST)

/ Solution treatment (ST)

Solution treatment (ST) \

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 1.1.1)
- 1000°C / 40min / WQ (ST 1.1.2)
- 1000°C / 60min / WQ (ST 1.1.3)

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 2.1.1)
- 1000°C / 40min / WQ (ST 2.1.2)
- 1000°C / 60min / WQ (ST 2.1.3)

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 3.1.1)
- 1000°C / 40min / WQ (ST 3.1.2)
- 1000°C / 60min / WQ (ST 3.1.3)

Treatment temperature: 1000°C
- 1000°C / 20min / WQ (ST 4.1.1)
- 1000°C / 40min / WQ (ST 4.1.2)
- 1000°C / 60min / WQ (ST 4.1.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 1.2.1)
- 1050°C / 40min / WQ (ST 1.2.2)
- 1050°C / 60min / WQ (ST 1.2.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 2.2.1)
- 1050°C / 40min / WQ (ST 2.2.2)
- 1050°C / 60min / WQ (ST 2.2.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 3.2.1)
- 1050°C / 40min / WQ (ST 3.2.2)
- 1050°C / 60min / WQ (ST 3.2.3)

Treatment temperature: 1050°C
- 1050°C / 20min / WQ (ST 4.2.1)
- 1050°C / 40min / WQ (ST 4.2.2)
- 1050°C / 60min / WQ (ST 4.2.3)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 1.3.1)
- 1100°C / 40min / WQ (ST 1.3.2)
- 1100°C / 60min / WQ (ST 1.3.3)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 2.3.1)
- 1100°C / 40min / WQ (ST 2.3.2)
- 1100°C / 60min / WQ (ST 2.3.3)

Treatment temperature: 1100°C
-1100°C / 20min / WQ (ST 3.3.1)
- 1100°C / 40min / WQ (ST 3.3.2)

- 1100°C / 60min / WQ (ST 3.3.3)

Treatment temperature: 1100°C
- 1100°C / 20min / WQ (ST 4.3.1)
-1100°C / 40min / WQ (ST 4.3.2)
- 1100°C / 60min / WQ (ST 4.3.3)

=4

Fig. 7.1 Thermomechanical processing route applied to the F55 (UNS S32760) SDSS alloy.

Since every mechanical system is subjected to loads during operation, it is of utmost
importance to understand how the materials, that make up these mechanical systems, behave.
Also, the different thermomechanical processing parameters lead to obtaining different
microstructural features (i.e., phase nature and phase structure, volume fraction, grain-size,
internal micro-strain fields, etc) and, as a consequence, different mechanical behaviour.

The mechanical properties characterization can be performed using the following
investigation techniques: tensile testing, compressive testing, impact testing, microhardness
testing, etc. Based on these investigation techniques, it can be obtained important data
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concerning the material’s strength (0.2 yield strength - oo, ultimate tensile strength - curs,
microhardness -HV0.1) and ductility properties( elongation to fracture - &, etc).

The fracture surface analysis can be employed to investigate the predominant fracture
mechanism which leads to the specimen failure during mechanical testing.

7.2. As-received (AR) state

Based on the strain-stress diagram obtained during tensile testing, it can be computed the
following mechanical parameters: 0.2 yield strength - co.2, ultimate tensile strength - curs and
elongation to fracture - &t.

By using the microhardness testing technique, it can be obtained data concerning the alloy’s
overall microhardness (if the microhardness print is large enough to fit multiple phases at the
same time) or the microhardness of individual constituent phases (if the microhardness print
is small enough to fit the respective phase). In order to determine the microhardness of the
constituent ferrite (3) and austenite (y) phases, the microhardness testing was performed using
a testing force of 100g (see Fig. 7.2a and 7.2b), while the overall/global microhardness of the
sigma (o) phase + secondary austenite (y2) phases was determined using a testing force of
259 (see Fig. 7.2c) due to the small grain-size of the sigma (o) phase.

i“"";\.. 25 um 3 <= 25pm | .o ‘:'
. ——— %  ——— -

Figure 7.2 Optical images of microhardness print of ferrite (6) phase (a), austenite () phase (b) and sigma and
secondary austenite (o) phases (c).

Table 7.1 presents the obtained mechanical properties for the as-received (AR) F55 SDSS
alloy.

Table 7.1
Mechanical properties of as-received (AR) F55 SDSS alloy.
Mechanical properties
Structural state Microhardness GUTS 602 &f
3 v otz [MPa] [MPa]  [%]
[HV0.1] [HVO0.1] [HV0.025]
As-received (AR) sample 300£7 26448 - 7339 | 478+£11 5543

It can be observed that the AR condition shows high strength properties, ultimate tensile
strength cuts = 733MPa and yield strength co2 = 478MPa, coupled with high ductility,
elongation to fracture & = 55%, proving that the F55 alloy exhibits a good combination of
properties due to the approximately equal weight fractions of constituent & and y phases,
considering that the & is “responsible” for the strength properties while the y phase for the
ductility properties [107].

As shown in Table 7.1, the microhardness of the constituent & phase (300HV0.1) is higher
than that of the constituent y phase (264HV0.1). This can be explained, firstly, based on the
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crystallography of constituent phases, being known that the BCC crystalline system
inherently shows a higher microhardness compared with the FCC system, due to its higher
necessary stress to accommodate elastic/plastic deformation and, secondly, based on the
chemistry of the constituent phases, the 6 phase being “richer” in harder chromium (Cr)
content (~ 28.5wt%) comparing with the y phase (~25.7wt%) (see Table 6.2 and 6.3).

7.3. Hot deformation at 1000°C (HD1) state

Table 7.2 presents the obtained mechanical properties of F55 SDSS alloy due to the hot
deformation at 1000°C (HD1). Compared with the AR state, it can be observed that the
strength properties are showing a small increase, i.e., ultimate tensile strength cuts = 768MPa
and yield strength co2 = 524MPa, while the ductility properties, i.e., elongation to fracture &
= 34%, are showing a high decrease. This behaviour can be explained based on the
microstructural changes that occurred during hot deformation. During deformation, the
fragmentation of the grains occurs, leading to smaller size grains, grains rotations and a
higher / increased defect density, in order to accommodate the applied strain/stress field. As
shown in chapter 6.3, it can be noticed that due to the intensely deformed &-phase and y-
phase grains, the strain-hardening phenomena occur, leading to an increase in strength and
decrease in ductility.

Also, one must consider the influence of the precipitated deleterious c-phase, being known
that the small-size o-phase precipitates can act as strengthening particles. It is known that the
o-phase precipitates can lead to a small increase in strength, a small decrease in ductility and
a high decrease in toughness properties, even for small wight fractions [108-109].

As shown in Table 7.2, it can be observed that the microhardness of both constituents & and y
phases are increasing, to 312HVO0.1 and respectively 322HV0.1, due to the strain hardening
that occurred during deformation. The higher microhardness recorded in the case of the y-
phase proves that the y-phase grains are more strain-hardened, showing a higher defects
density compared with the & phase.

Table 7.2
Mechanical properties of HD1 state.
Mechanical properties
Structural state Microhardness GUTS 602 &f
3 i otz  [MPa] [MPa]  [%]
[HV0.1] [HVO0.1] [HV0.025]
Hot-rolled (HD1) at 1000°C 31249 | 322412 474415 768+12 52449 @ 3443

This behaviour resides in the crystallography of the FCC y-phase compared with the BCC 6-
phase, which accommodates better the applied strain/stress field by slip/twinning on its
higher atomic density planes for the same applied stress/strain level [110-111]. Also, it must
consider the presence of precipitated c phase, which is forms, eighter by precipitation (6 =
o) or by eutectoid decomposition (6 = o + y2). As shown in Table 7.2, it can be observed
that the global microhardness of the (c + y2) is reaching 474HV0.025. It has been shown that
the chemistry of the o-phase possesses an increased weight fraction of Cr, Mo, and other
alloying elements and, therefore, a higher microhardness compared with the one of the parent
d-phase, reaching values from 400HV to 800HV [112-113].
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7.4. Solution treatment (ST1) state

7.4.1. Solution treatment at 1000°C (ST1.1) state

Table 7.3 presents the obtained mechanical properties after applying a solution treatment at
1000°C (ST 1.1), with a variable treatment duration of 20min (ST 1.1.1), 40min (ST 1.1.2)
and 60min (ST 1.1.3), on the hot deformation at 1000°C (HD1) samples. Compared with the
HD1 state, it can observe that the strength properties are showing a small decrease in the case
of both ultimate tensile strength (cuts) and yield strength (co.2) and, also, in the case of
elongation to fracture (gf). The ultimate tensile strength (curts) is continuously decreasing,
from 772MPa (ST 1.1.1) to 769MPa (ST 1.1.2) and, finally, to 732MPa (ST 1.1.3), while the
yield strength (co.2) from 460MPa to 449MPa and, finally, to 445MPa. The elongation to
fracture (ef) is, also, continuously decreasing from 53% (ST 1.1.1) to 50% (ST 1.1.2) and,
finally, to 43% (ST 1.1.3) (see Table 7.3).

The microhardness evolution of all 8, y and (c+y2) constituent phases shows that the
microhardness exhibits no significant changes, minimal variations are occurring while
increasing solution treatment duration, all values being within the dispersion variation (see
Table 7.3). Overall, can be observed that the & phase shows a microhardness varying within
281HVO0.1 to 294HVO0.1 range, y phase showing a smaller microhardness compared with the
d phase, varying within 254HV0.1 to 277HVO0.1 range and, (c+y2) microhardness varying
within 512HV0.025 to 522HV0.025 range.

Table 6.3
Mechanical properties of ST 1.1 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1000°C (ST 1.1) ouTS 002 &f
3 i oty [MPa] [MPa]  [%]

[HV0.1] [HVO0.1] [HV0.025]
Solution treated: 1000°C/20mins/WQ (ST 1.1.1) 289+18 256414 512421 @ 772+14 460+11 5343
Solution treated: 1000°C/40mins/WQ (ST 1.1.2) 294423 254+18 522429 769+12 449+10 50+2
Solution treated: 1000°C/60mins/WQ (ST 1.1.3) = 281427 @ 277424 = 518+15 73249 | 445+12  43+4

This observed mechanical behaviour must be explained considering the occurred
microstructural changes during applied solution treatment. The explanation must consider the
following competing mechanisms, firstly, the law of phase mixture of constituent phases and,
secondly, the Hall-Pech grain-size influence.

According to the law of phase mixture states, the exhibited properties are proportionally
influenced by the weight fraction of a particular phase [114]. Considering the specific case of
the SDSS alloys, it was shown that the y-phase is responsible for the plasticity/ductility while
the 6-phase is responsible for the strength properties [108]. Also, it was shown that the
precipitation of the o-phase influenced all exhibited mechanical properties by inducing
embrittlement [115]. As shown in chapter 6.4.1, it can notice that due to the applied solution
treatment, besides the & and y phases, the deleterious o phase is induced too. Also, it can be
noticed that the wight fraction of the o-phase is increasing with treatment duration increasing,
from 2.7wt% (ST 1.1.1) to 3.5wt% (ST 1.1.2) and, finally, to 5.5wt% (ST 1.1.3), diminishing
all exhibited mechanical properties (strength/ductility) (see Table 7.3).

The Hall-Pech influence shows that the mechanical behaviour of a certain phase is governed
by a grain-size relation [116-117]:
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gy, =0+ k X \/—5
where: oy - yield stress; oo - yield stress of a coarse-grained polycrystal; k - material constant;
D - average grain-size of considered phase.
Also, has been noticed that a smaller average grain-size of a phase will lead to an increase in
the phase’s ductility, due to the increased number of grains which will participate in the
accommodation of the applied strain-stress field (total boundary area per unit volume) [118].
Based on the Hall-Pech relation, it can be assumed that both strength and ductility properties
of a phase are increasing with the decrease of the average grain-size of the respective phase.
As shown in chapter 6.4.1 (see Table 6.5), it can notice that small variations in the average
grain-size of constituent phases are occurring during solution treatment (ST 1.1). Analysing
the case of the &-phase can be observed a small increase from 51.8um (ST 1.1.1) to 54.9um
(ST 1.1.2) and, finally, to 57.7um (ST 1.1.3), from 15.1um (ST 1.1.1) to 19.6um (ST 1.1.2)
and, finally, to 16.6um (ST 1.1.3) in the case of y-phase and, from 4.9um (ST 1.1.1) to 5.5um
(ST 1.1.2) and, finally, to 6.0um (ST 1.1.3) in the case of c-phase. According to the Hall-
Pech relation, those small increases in the average grain-sizes of the constituent phases will
lead to an, overall, decrease in alloy’s strength and ductility properties (see Table 7.3).
7.4.2. Solution treatment at 1050°C (ST1.2) state
Table 7.4 presents the obtained mechanical properties after applying a solution treatment at
1050°C (ST 1.2), with a variable treatment duration of 20min (ST 1.2.1), 40min (ST 1.2.2)
and 60min (ST 1.2.3), on the hot deformation at 1000°C (HD1) samples.
Analysing the effects induced by applying a solution treatment at 1050°C (ST 1.2) with a
variable treatment duration of 20min (ST 1.2.1) it can be noticed that an increase in alloy
overall mechanical properties is obtained. The ultimate tensile strength (cuts) was increased,
from 768MPa (HD1 state) to 793MPa (ST 1.2.1 state) and, the elongation to fracture (&f)
from 34% (HD1 state) to 61% (ST 1.2.1 state), indicating that the newly recrystallized
microstructure has removed the unwanted/deleterious effects induced by the previous intense
plastic deformation.
Analysing the influence of increasing the solution treatment duration from 20min (ST 1.2.1)
to 40min (ST 1.2.2) and, finally, to 60min (ST 1.2.3), it can be noticed that both strength and
ductility properties are decreasing. Also, it can be observed that the ultimate tensile strength
(outs) is continuously decreasing from 793MPa (ST 1.2.1) to 773MPa (ST 1.2.2) and, finally,
to 742MPa (ST 1.2.3). A larger rate of decrease is observed in the case of elongation to
fracture (&f), which is decreasing from 61% (ST 1.2.1) to 59% (ST 1.2.2) and, finally, to 46%
(ST 1.2.3). The observed decrease must be linked to the induced microstructural changes (see
Table 6.7), where one can observe that increasing the solution treatment duration leads to an
increase in both the average grain-size and the average weight fraction of the constituent o-
phase (decrease in average weight fraction of the constituent y phase). No c-phase was
induced during solution treatment at 1050°C.
The microhardness evolution of the 6 and y phases show a continuous increase in
microhardness. Overall, it can be observed that the & phase shows an increase from
269HVO0.1 (ST 1.2.1) to 307HVO0.1 (ST 1.2.2) and, finally, to 334HV0.1 (ST 1.2.3), while the
y phase from 263HV0.1 (ST 1.2.1) to 292HVO0.1 (ST 1.2.2) and, finally, to 354HV0.1 (ST
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1.2.3) (see Table 7.4). This kind of behaviour must be linked to the changes in the chemical
composition of the constituent 6 and y phases occurring during solution treatment.

In order to explain this behaviour, it should consider the overall influence of the law of
mixture (the influence of average weight fraction) and the influence of Hall-Petch relation
(the influence of average grain-size) competitive mechanisms. The observed mechanical
behaviour, decrease in both strength and ductility properties, suggests that the most
influential factor is constituted by the increased average grain-size of the constituent & and y
phases.

Table 7.4
Mechanical properties of ST 1.2 state.
Mechanical properties
Structural state / Microhardness
H GUTS G0.2 Ef
Solution treatment at 1050°C (ST 1.2) 5 v oty (MPa]  [MPe] (%]
[HV0.1] [HVO0.1] [HV0.025]
Solution treated: 1050°C/20mins/WQ (ST 1.2.1) 269+14 263121 - 79315 48049 @ 61+2
Solution treated: 1050°C/40mins/WQ (ST 1.2.2) 307+16 292+19 - 773+12 | 496414  59+2
Solution treated: 1050°C/60mins/WQ (ST 1.2.3) 334422 354426 - 742+11 | 432410  46+3

7.4.3. Solution treatment at 1100°C (ST1.3) state

Table 7.5 presents the obtained mechanical properties after applying a solution treatment at
1100°C (ST 1.3), with a variable treatment duration of 20min (ST 1.3.1), 40min (ST 1.3.2)
and 60min (ST 1.3.3), on the hot deformed at 1000°C (HD1) samples. Analysing the effects
induced by applying a solution treatment at 1100°C (ST 1.3) with a variable treatment
duration of 20min (ST 1.3.1), shows that there was an increase in alloy overall mechanical
properties. The ultimate tensile strength (curs) is increasing from 768MPa (HD1 sate) to
787MPa (ST 1.3.1 sate) and the elongation to fracture (gf) from 34% (HD1 sate) to 72% (ST
1.3.1 sate), indicating that the newly recrystallized microstructure is completely free of
unwanted/deleterious effects induced by the intense plastic deformation. By analysing the
influence of increasing the solution treatment duration, from 20min (ST 1.3.1) to 40min (ST
1.3.2) and, finally, to 60min (ST 1.3.3), it can be noticed that an almost identical behaviour
with the result of solution treated performed at 1050°C (ST 1.2 state), where both strength
and ductility properties are decreasing. Also, it can be noticed that the ultimate tensile
strength (cuts) was continuously decreased, from 787MPa (ST 1.3.1) to 771MPa (ST 1.3.2)
and, finally, to 744MPa (ST 1.3.3). Also, a larger rate of decrease was observed in the case of
elongation to fracture (&), from 72% (ST 1.3.1) to 64% (ST 1.3.2) and, finally, to 54% (ST
1.3.3). The observed decrease must be linked to the induced microstructural changes (see
Table 6.8), increasing the solution treatment duration leads to an increase in both the average
grain-size and the average weight fraction of the constituent 5-phase (decrease in the average
weight fraction of the constituent y-phase). The microhardness evolution of the & and y
phases, also, shows a continuous increase. Overall, it can be observed that the 3-phase show
an increase, from 295HV0.1 (ST 1.3.1) to 286HV0.1 (ST 1.3.2) and, finally, to 339HV0.1
(ST 1.3.3), while the y-phase shows very minimal variations (almost constant microhardness),
from 260HV0.1 (ST 1.3.1) to 266HV0.1 (ST 1.3.2) and, finally, to 264HV0.1 (ST 1.3.3) (see
Table 7.5). This result indicates that the changes in the chemical composition of the

constituent 6 and y phases are minimal.
Table 7.5
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Mechanical properties of ST 1.3 state.

Structural state /
Solution treatment at 1100°C (ST 1.3) F
[HV0.1]
Solution treated: 1100°C/20mins/WQ (ST 1.3.1) = 295+20
Solution treated: 1100°C/40mins/WQ (ST 1.3.2) = 286+24
Solution treated: 1100°C/60mins/WQ (ST 1.3.3) | 339+27

Mechanical properties

Microhardness

'Y (;+'\{ OUTS G0.2 Ef
2

MPa MPa %

[HV0.1] [Hvoo2sy MPal [MPal (%]

260+18 787415 475411  72+4

266+16 771412 4TT+T 6442

264422 744+9  476+12 5444

7.5. Hot deformation at 1050°C (HD?2) state

Table 7.6 presents the obtained mechanical properties of F55 SDSS alloy due to the hot
deformation at 1050°C (HD2). Compared with the AR state, it can observe that the strength
properties are showing a small increase, i.e., ultimate tensile strength cuts = 826MPa and
yield strength o2 = 540MPa, while the ductility properties, i.c., elongation to fracture &f =
50%, are showing a decrease. This behaviour can be explained based on the microstructural
changes that occurred during hot deformation. During deformation, the fragmentation of the
grains occurs, leading to smaller size grains, grains rotations and a higher / increased defect
density, in order to accommodate the applied strain/stress field. As shown in chapter 6.5, it
can notice that due to the intensely deformed &-phase and y-phase grains, the strain-hardening
phenomena occur, leading an increase in strength and decrease in ductility. Also, it must
consider the influence of the precipitated deleterious o-phase, being known that the small-
size o-phase precipitates can act as strengthening particles. As shown in Table 7.6, the
microhardness of both constituent & and y phases are increasing, to 306HVO0.1 and
respectively 306HVO0.1, due to the strain hardening that occurred during deformation. The
microhardness recorded in the case of y phase small increase proves that the y-phase grains
are more strain hardened, showing a higher defects density compared with the constituent &
phase.

Table 7.6
Mechanical properties of HD2 state.
Mechanical properties
Structural state 5 Mmo:ardness -y ouUTS 60.2 &f
6TY2
MP MP %
[HV0.1] [HV0.1] [HV0.025] [MPa] [MPa] el
Hot-rolled (HD2) at 1050°C 306+12 306+14 491+19 826+8 = 540+12 5042

As previously shown, this behaviour resides in the crystallography of the FCC y-phase
compared with the BCC &-phase, which accommodates better the applied strain/stress field
by slip/twinning on its higher atomic density planes for the same applied stress/strain level
[110-111]. Also, it must consider the presence of precipitated o-phase, which is forms,
eighter by precipitation (6 = o) or by eutectoid decomposition (3 = & + y2). As shown in
Table 7.6, it can be observed that the global microhardness of the (o + y2) is reaching
491HV0.025.

7.6. Solution treatment (ST2) state

7.6.1. Solution treatment at 1000°C (ST2.1) state

Table 7.7 presents the obtained mechanical properties after applying a solution treatment at
1000°C (ST 2.1), with a variable treatment duration of 20min (ST 2.1.1), 40min (ST 2.1.2)
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and 60min (ST 2.1.3), on the hot deformed at 1050°C (HD2) samples. Compared with the
HD?2 state, it can observe that the strength properties are showing a small decrease in the case
of both ultimate tensile strength (cuts) and yield strength (co2) while, in the case of
elongation to fracture (ef) an increase. The ultimate tensile strength (cuts) is continuously
decreasing, from 746MPa (ST 2.1.1) to 745MPa (ST 2.1.2) and, finally, to 730MPa (ST
2.1.3) while, the yield strength increases (co2), from 468MPa to 485MPa and, finally, to
479MPa. The elongation to fracture (gf) is, also, continuously decreasing, from 64% (ST
2.1.1) t0 61% (ST 2.1.2) and, finally, to 61% (ST 2.1.3) (see Table 7.7).

The microhardness evolution of all 8, y and (o+y2) constituent phases shows small
decreasing, minimal variations are occurring while increasing solution treatment duration, all
values being within the dispersion variation (see Table 7.7). Overall, it can be observed that
the & phase shows a microhardness varying within 284HV0.1 to 309HVO0.1 range, y phase
showing a smaller microhardness compared with the & phase, within 243HV0.1 to 253HV0.1
range and, (c+y2) microhardness within 513HV0.025 to 527HV0.025 range.

Table 7.7
Mechanical properties of ST 2.1 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1000°C (ST 2.1) b Y G+y2 OUTS 002 o

[HV0.1] [HVO0.1] [HV0.025] [MPa]  [MPa] [%]

Solution treated: 1000°C/20mins/WQ (ST 2.1.1)  309+16 253+24 527421 @ 746+10 468+14 6442
Solution treated: 1000°C/40mins/WQ (ST 2.1.2) = 292+22 250+23 = 523+24 = 745+7 = 485+8 @ 61+3
Solution treated: 1000°C/60mins/WQ (ST 2.1.3)  284+25 243+18 513418  730+11 479+11 6143

This observed mechanical behaviour must be explained considering the occurred
microstructural changes during applied solution treatment. The explanation must consider the
following competing mechanisms, firstly, the law of phase mixture of constituent phases and,
secondly, the Hall-Pech grain-size influence. According to the law of phase mixture states,
the exhibited properties are proportionally influenced by the weight fraction of a particular
phase [114]. Considering the specific case of the SDSS alloys, it was shown that the y phase
is responsible for the plasticity/ductility while the 5-phase is responsible for the strength
properties [108]. Also, it was shown that the precipitation of the c-phase influenced all
exhibited mechanical properties by inducing embrittlement [115]. As shown in chapter 6.6.1,
it can notice that due to the applied solution treatment, besides both 6 and y phases the
deleterious o phase was induced too. Also, it can be noticed that the wight fraction of the o
phase is increasing with treatment duration increasing from 1.1wt% (ST 2.1.1) to 1.7wt% (ST
2.1.2) and, finally, to 2.9wt% (ST 2.1.3), diminishing all exhibited mechanical properties
(strength/ductility) (see Table 7.7).

As shown in chapter 6.6.1 (see Table 6.10), it can notice that small variations in the average
grain-size of the constituent phases are occurring during solution treatment (ST 2.1).
Analysing the case of the &-phase, it can be observed a small increase from 57.2um (ST
2.1.1) to 69.2um (ST 2.1.2) and, finally, to 74.5um (ST 2.1.3), from 19.1um (ST 2.1.1) to
24.4um (ST 2.1.2) and, finally, to 29.5um (ST 2.1.3) in the case of y phase and, from 5.3um
(ST 2.1.1) to 7.2um (ST 2.1.2) and, finally, to 8.2um (ST 2.1.3) in the case of o phase.
According to the Hall-Pech relation, those small increases in the average grain-sizes of the
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constituent phases will lead to an overall decrease in the alloy's strength and ductility
properties (see Table 7.7).

7.6.2. Solution treatment at 1050°C (ST2.2) state

Table 7.8 presents the obtained mechanical properties after applying a solution treatment at
1050°C (ST 2.2), with a variable treatment duration of 20min (ST 2.2.1), 40min (ST 2.2.2)
and 60min (ST 2.2.3), on hot deformation at 1050°C (HD2) samples.

Analysing the effects induced by applying a solution treatment at 1050°C (ST 2.2) with a
variable treatment duration of 20min (ST 2.2.1), can be noticed an increase in alloy overall
mechanical properties. The ultimate tensile strength (curs) is decreasing, from 826 MPa (HD2
state) to 793MPa (ST 2.2.1 state) and, the elongation to fracture(ef) increased, from 50%
(HD2 state) to 61% (ST 2.2.1 sate), indicating that the newly recrystallized microstructure
has removed the unwanted/deleterious effects induced by the intense plastic deformation.
Analysing the influence of increasing the solution treatment duration from 20min (ST 2.2.1)
to 40min (ST 2.2.2) and, finally, to 60min (ST 2.2.3), it can be noticed that both strength and
ductility properties are decreasing. It can be observed that the ultimate tensile strength (curs)
is continuously decreasing, from 793MPa (ST 2.2.1) to 773MPa (ST 2.2.2) and, finally, to
742MPa (ST 2.2.3). A larger rate of decrease is observed in the case of elongation to fracture
(gf), which is decreasing, from 61% (ST 2.2.1) to 59% (ST 2.2.2) and, finally, to 46% (ST
2.2.3). The observed decrease must be linked to the induced microstructural changes (see
Table 6.11), where one can observe that increasing the solution treatment duration leads to an
increase in both the average grain-size and the average weight fraction of constituent 5-phase
(decrease in the average weight fraction of the constituent y-phase). No o-phase was induced
during solution treatment at 1050°C.

The microhardness evolution of & and y phases show a continuous increase. Overall, it can be
observed that the 3-phase shows an increase, from 269HV0.1 (ST 2.2.1) to 307HVO0.1 (ST
2.2.2) and, finally, to 334HV0.1 (ST 2.2.3), while the y-phase, from 263HV0.1 (ST 2.2.1) to
292HV0.1 (ST 2.2.2) and, finally, to 354HV0.1 (ST 2.2.3) (see Table 7.8). This kind of
behaviour must be linked to the changes in the chemical composition of the constituent & and
v phases occurring during solution treatment.

Table 6.8
Mechanical properties of ST 2.2 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1050°C (ST 2.2) b Y 6+y2 outs 02 o
[MPa] [MPa] [%]
[HV0.1] [HVO0.1] [HV0.025]
Solution treated: 1050°C/20mins/WQ (ST 2.2.1) = 269+19 @ 263+13 - 79318  480+13  61+3
Solution treated: 1050°C/40mins/WQ (ST 2.2.2)  307+14 292+27 - 773+14 496+10 5943
Solution treated: 1050°C/60mins/WQ (ST 2.2.3) = 334+19 @ 354+24 - 742414 | 432411 4642

7.6.3. Solution treatment at 1100°C (ST2.3) state

Table 7.9 presents the obtained mechanical properties after applying a solution treatment at
1100°C (ST 2.3), with a variable treatment duration of 20min (ST 2.3.1), 40min (ST 2.3.2)
and 60min (ST 2.3.3), on hot deformed at 1050°C (HD2) samples. Analysing the effects
induced by applying a solution treatment at 1100°C (ST 2.3) with a variable treatment
duration of 20min (ST 2.3.1) it can be noticed that an increase in alloy overall mechanical
properties is obtained. The ultimate tensile strength (curts) is decreasing, from 826MPa (HD2
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sate) to 782MPa (ST 2.3.1 sate) and, the elongation to fracture (gf) from 50% (HD2 sate) to
61% (ST 2.3.1 sate), indicating that the newly recrystallized microstructure is completely free
of unwanted/ deleterious effects induced by the intense applied deformation.

Analysing the influence of increasing the solution treatment duration from 20min (ST 2.3.1)
to 40min (ST 2.3.2) and, finally, to 60min (ST 2.3.3), can be seen an almost identical
behaviour to the one observed in the case of solution treatment performed at 1050°C (ST 2.2
state), where both strength and ductility properties are decreasing. It can be observed that the
ultimate tensile strength (ocurs) is continuously decreasing, from 782MPa (ST 2.3.1) to
743MPa (ST 2.3.2) and, finally, to 776MPa (ST 2.3.3). Also, a larger rate of decrease is
observed in the case of elongation to fracture (&f), which is decreasing from 61% (ST 2.3.1) to
59% (ST 2.3.2) and, finally, to 54% (ST 2.3.3). The observed decrease must be linked to the
induced microstructural changes (see Table 6.11), where one can observe that increasing the
solution treatment duration leads to an increase in both the average grain-size and the average
weight fraction of constituent 5-phase (decrease in the average weight fraction of the
constituent y-phase).

Table 7.9
Mechanical properties of ST 2.3 state.
Mechanical properties
Structural state / Microhardness sure 5oz o
B UT: .
Solution treatment at 1100°C (ST 2.3) 5 v o+y2 (MPa]  [MPa] (%]
[HV0.1] [HVO0.1] [HV0.025]

Solution treated: 1100°C/20mins/WQ (ST 2.3.1) = 308421 @ 266+15 - 782+11 458+13 @ 61+4
Solution treated: 1100°C/40mins/WQ (ST 2.3.2) 338+14 249+18 - 743+14 | 463+11 5943
Solution treated: 1100°C/60mins/WQ (ST 2.3.3)  351+17 248+22 - 77616 478+11  54+4

The microhardness evolution of the 6 and y phases, also, shows a continuous increase in
microhardness. Overall, it can be observed that the &-phase shows an increase, from
308HVO0.1 (ST 2.3.1) to 338HVO0.1 (ST 2.3.2) and, finally, to 358HV0.1 (ST 2.3.3), while the
v-phase shows very minimal variations (almost constant microhardness), from 266HV0.1 (ST
2.3.1) to 249HVO0.1 (ST 2.3.2) and, finally, to 248HV0.1 (ST 2.3.3) (see Table 7.9),
indicating that the changes in the chemical composition of the constituent & and y phases are
minimal.

7.7. Hot deformation at 1100°C (HD3) state

Table 7.10 presents the obtained mechanical properties of F55 SDSS alloy due to the hot
deformation at 1100°C (HD3). Compared with the AR state, it can observe that the strength
properties are showing a small increase, i.e., ultimate tensile strength cuts = 804MPa and
yield strength o2 = 431MPa, while the ductility properties, i.c., elongation to fracture &f =
45%, are showing a decrease. This behaviour can be explained based on the microstructural
changes that occurred during hot deformation. During deformation the fragmentation of the
grains occurs, leading to smaller size grains, grains rotations and a higher / increased defect
density to accommodate the applied strain/stress field. As shown in section 6.7, it can be
noticed that due to the intensely deformed 5-phase and y-phase grains, the strain-hardening
phenomena occur, leading to an increase in strength and decrease in ductility. Also, the
ultimate tensile strength curs is smaller in comparison with the HD2 case due to the no
deleterious o-phase precipitation.
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Table 7.10
Mechanical properties of HD3 state.
Mechanical properties
Structural state 5 Microhardness e OUTS 602 &f
Y oty2
MPa MPa %
[HV0.1]  [HV0.1] [Hvoozs] [MPal  [MPa] el
Hot-rolled (HD3) at 1100°C 32148 280+14 - 804+7 431+12 45+3

As shown in Table 7.10, it can be observed that the microhardness of the 3-phase and y-phase
is increasing, to 321HV0.1 and 280HVO0.1 respectively, due to the strain hardening that
occurred during deformation. The microhardness recorded in the case of the y-phase shows a
small increase, proving that the y-phase grains are more strain hardened.

7.8. Solution treatment (ST3) state

7.8.1. Solution treatment at 1000°C (ST3.1) state

Table 7.11 presents the obtained mechanical properties after applying a solution treatment at
1000°C (ST 3.1), with a variable treatment duration of 20min (ST 3.1.1), 40min (ST 3.1.2)
and 60min (ST 3.1.3), on the hot deformed at 1100°C (HD3) samples. Compared with the
HD3 state, it can be observed that both strength properties (ultimate tensile strength (cuts)
and yield strength (co.)) are showing a decrease while in the case of elongation to fracture
(er) an increase. The ultimate tensile strength (curs) is continuously increasing, from 762MPa
(ST 3.1.1) to 764MPa (ST 3.1.2) and, finally, to 673MPa (ST 3.1.3), while the yield strength
is increasing (co.2) from, 410MPa to 420MPa and, finally, to 423MPa. The elongation to
fracture (&f) is continuously decreasing, from 66% (ST 3.1.1) to 46% (ST 3.1.2) and, finally,
to 37% (ST 3.1.3) (see Table 6.11).

Table 7.11
Mechanical properties of ST 3.1 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1000°C (ST 3.1) b Y o+y2 oUTS 02 o

[HV0.1] [HVO0.1] [HV0.025] [MPa]  [MPa] [%]

Solution treated: 1000°C/20mins/WQ (ST 3.1.1) = 295+11 257+16 507429 @ 762+7 410+12 664
Solution treated: 1000°C/40mins/WQ (ST 3.1.2)  297+18 257+17 516428 @ 764+14 42048 @ 464
Solution treated: 1000°C/60mins/WQ (ST 3.1.3)  282+19 260+14 513421 @ 673+12 42349 @ 37+4

The microhardness evolution of all 8, y and (c+y2) constituent phases shows that the
microhardness shows minimal variations while increasing the solution treatment duration, all
values being within the dispersion variation (see Table 7.11). Overall, can be observed that
the o-phase shows a microhardness varying within 282HV0.1 to 297HVO0.1 range, y-phase
varying within 257HV0.1 to 260HV0.1 range and, (c+y2) microhardness within 507 HV0.025
to 516 HV0.025 range.

This observed mechanical behaviour must be explained by considering the occurred
microstructural changes during applied solution treatment. The explanation must consider the
following competing mechanisms, firstly, the law of phase mixture of constituent phases and,
secondly, the Hall-Pech grain-size influence. As shown in section 6.8.1, it can be noticed that
due to the applied solution treatment, besides both & and y phases the deleterious o phase is
induced too. Also, it can notice that the wight fraction of the o-phase is increasing with
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treatment duration increasing from 2.9wt% (ST 3.1.1) to 4.5wt% (ST 3.1.2) and, finally, to
7.5wt% (ST 3.1.3), diminishing all exhibited mechanical properties (strength/ductility) (see
Table 7.11).

As shown in section 6.8.1 (see Table 6.14), it can be seen that small variations in the average
grain-size of constituent phases are occurring during solution treatment (ST 3.1). Analysing
the case of the &-phase, it can be observed a small increase, from 40.2um (ST 3.1.1) to
58.6um (ST 3.1.2) and, finally, to 55.7um (ST 3.1.3), from 26.1um (ST 3.1.1) to 22.7um (ST
3.1.2) and, finally, to 19.1um (ST 3.1.3) in the case of y phase and, from 4.7um (ST 3.1.1) to
6.8um (ST 3.1.2) and, finally, to 7.1um (ST 3.1.3) in the case of o phase. According to the
Hall-Pech relation, those small increases in the average grain-sizes of the constituent phases
will lead to an overall decrease in alloy's strength and ductility properties (see Table 7.11).
7.8.2. Solution treatment at 1050°C (ST3.2) state

Table 7.12 presents the obtained mechanical properties after applying a solution treatment at
1050°C (ST 3.2), with a variable treatment duration of 20min (ST 3.2.1), 40min (ST 3.2.2)
and 60min (ST 3.2.3), on the hot deformed at 1100°C (HD3) samples. Analysing the effects
induced by applying a solution treatment at 1050°C (ST 3.2) with a variable treatment
duration of 20min (ST 3.2.1), it can be noticed that an increase in alloy overall mechanical
properties. The ultimate tensile strength (cuts) is decreasing, from 804MPa (HD3 state) to
764MPa (ST 3.2.1 state) and the elongation to fracture(es), from 45% (HD3 state) to 65% (ST
3.2.1 state), indicating that the newly recrystallized microstructure has removed the
unwanted/deleterious effects induced by the intense applied deformation.

Analysing the influence of increasing the solution treatment duration from 20min (ST 3.2.1)
to 40min (ST 3.2.2) and, finally, to 60min (ST 3.2.3), it can be seen that both strength and
ductility properties are decreasing. Also, It can be observed that the ultimate tensile strength
(outs) is continuously decreasing, from 764MPa (ST 3.2.1) to 760MPa (ST 3.2.2) and,
finally, to 738MPa (ST 3.2.3). A smaller rate of decrease is observed in the case of elongation
to fracture (ef), which is decreasing, from 65% (ST 3.2.1) to 63% (ST 3.2.2) and, finally, to
62% (ST 3.2.3). The observed decrease must be linked to the induced microstructural
changes (see Table 6.15), which indicates that increasing the solution treatment duration
leads to an increase in the average grain-size and the average weight fraction of constituent &-
phase (decrease in average weight fraction of the constituent y-phase). No o-phase was
induced during solution treatment at 1050°C.

Table 7.12
Mechanical properties of ST 3.2 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1050°C (ST 3.2) b Y o+y2 outs 02 o
[MPa] = [MPa] [%]
[HV0.1] [HVO0.1] [HV0.025]
Solution treated: 1050°C/20mins/WQ (ST 3.2.1) = 254+14 248+20 - 764+14 439+11 654
Solution treated: 1050°C/40mins/WQ (ST 3.2.2)  303+13 248+19 - 760+12 430+14 6343
Solution treated: 1050°C/60mins/WQ (ST 3.2.3)  327+11 @ 252+11 - 738+10 419411 6243
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The microhardness evolution of the & and y phases show a continuous increase in
microhardness. Overall, it can be observed that the &-phase shows an increase, from
254HV0.1 (ST 3.2.1) to 303HVO0.1 (ST 3.2.2) and, finally, to 327HV0.1 (ST 3.2.3), while the
v-phase, from 248HV0.1 (ST 3.2.1) to 248HV0.1 (ST 3.2.2) and, finally, to 352HVO0.1 (ST
3.2.3) (see Table 7.12). This kind of behaviour must be linked to the changes in the chemical
composition of the constituent & and y phases occurring during solution treatment

7.8.3. Solution treatment at 1100°C (ST3.3) state

Table 7.13 presents the obtained mechanical properties after applying a solution treatment at
1100°C (ST 3.3), with a variable treatment duration of 20min (ST 3.3.1), 40min (ST 3.3.2)
and 60min (ST 3.3.3), on the hot deformed at 1100°C (HD3) samples. Analysing the effects
induced by applying a solution treatment at 1100°C (ST 3.3) with a variable treatment
duration of 20min (ST 3.3.1), it can notice that an increase in alloy overall mechanical
properties is obtained. The ultimate tensile strength (curs) is decreasing, from 804MPa (HD3
sate) to 776MPa (ST 3.3.1 sate) and the elongation to fracture (ef) is increasing, from 45%
(HD3 sate) to 62%, indicating that the newly recrystallized microstructure is completely free
of unwanted/deleterious effects induced by the intense plastic deformation.

Table 7.13
Mechanical properties of ST 3.3 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1100°C (ST 3.3) é Y o+y2 ouTs 002 of
[MPa] [MPa] [%]
[HVO0.1] [HVO0.1] [HVO0.025]
Solution treated: 1100°C/20mins/WQ (ST 3.3.1) = 289+11 @ 250+13 - 77613  380+14  62+2
Solution treated: 1100°C/40mins/WQ (ST 3.3.2)  307+18 248+19 - 770+16 351+13  61+2
Solution treated: 1100°C/60mins/WQ (ST 3.3.3)  358+22 252+15 - 759+11 345+8 = 6043

Analysing the influence of increasing the solution treatment duration from 20min (ST 3.3.1)
to 40min (ST 3.3.2) and, finally, to 60min (ST 3.3.3), show that both strengths and ductility
are decreasing. It can observe that the ultimate tensile strength (curs) is continuously
decreasing, from 776MPa (ST 3.3.1) to 770MPa (ST 3.3.2) and, finally, to 759MPa (ST
3.3.3). A small rate of decrease is observed in the case of elongation to fracture (ef), which is
decreasing from 62% (ST 3.3.1) to 61% (ST 3.3.2) and, finally, to 60% (ST 3.3.3). The
observed decrease must be linked to the induced microstructural changes (see Table 6.16),
where one can observe that increasing the solution treatment duration leads to an increase in
both the average grain-size and the average weight fraction of constituent 5-phase (decrease
in average weight fraction of the constituent y-phase).

The microhardness evolution of 6 and y phases shows an increase in the case of 6 phase while
v is almost constant. Overall, it can be observed that the 5 phase shows an increase, from 289
HVO0.1 (ST 3.3.1) to 307 HVO0.1 (ST 3.3.2) and, finally, to 358 HV0.1 (ST 3.3.3), while the y
phase shows very minimal variations (almost constant microhardness) from 250 HVO0.1 (ST
3.3.1) to 248 HVO0.1 (ST 3.3.2) and, finally, to 252 HVO0.1 (ST 3.3.3) (see Table 7.13),
indicating that the changes in the chemical composition of the constituent 6 and y phases are
minimal.

7.9. Hot deformation at 1150°C (HD4) state

Table 7.14 presents the obtained mechanical properties of F55 SDSS alloy due to the hot
deformation at 1150°C (HD4). Compared with the AR state, it can observe that the strength
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properties are showing a small increase, i.e., ultimate tensile strength cuts = 765MPa and
yield strength o2 = 391MPa, while the ductility properties, i.c., elongation to fracture &f =
43%, are showing a decrease. This behaviour can be explained based on the microstructural
changes that occurred during intense hot deformation. During deformation, the fragmentation
of the grains occurs, leading to smaller size grains, grain rotations and a higher/increased
defect density to accommodate the applied strain/stress field. As shown in section 6.17, it can
be noticed that due to the intensely deformed 3-phase and y-phase grains, the strain-hardening
phenomena occur, leading to an increase in strength and decrease in ductility.

Table 7.14
Mechanical properties of HD4 state.
Mechanical properties
Structural state p Microhardness e OUTS 602 &f
Y oty2
MPa MPa %
[HV0.1] [HV0.1] [Hvoozs) [MPal [MPe] el
Hot-rolled (HD4) at 1150°C 291+11 304+8 - 765+12 39149 4342

7.10. Solution treatment (ST4) state

7.10.1. Solution treatment at 1000°C (ST4.1) state

Table 7.15 presents the obtained mechanical properties after applying a solution treatment at
1000°C (ST 4.1), with a variable treatment duration of 20min (ST 4.1.1), 40min (ST 4.1.2)
and 60min (ST 4.1.3), on the hot deformed at 1150°C (HD4) samples. Compared with the
HD4 state, it can be observed that the strength properties are showing a decrease while in the
case of elongation to fracture (gf) an increase. The ultimate tensile strength (cuts) is
continuously decreasing, from 756MPa (ST 4.1.1) to 740MPa (ST 4.1.2) and, finally, to
737MPa (ST 4.1.3), while the yield strength (co.2), from 310Mpa (ST 4.1.1) to 313Mpa (ST
4.1.2) and, finally, to 308Mpa (ST 4.1.3). The elongation to fracture (ef) is, also,
continuously high decreasing from 52% (ST 4.1.1) to 47% (ST 4.1.2) and, finally, to 44%
(ST 4.1.3) (see Table 7.15).

Table 7.15
Mechanical properties of ST 4.1 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1000°C (ST 4.1) ) Y 6+y2 oUTS 02 o

[HV0.1] [HVO0.1] [HV0.025] [MPa] ' [MPa]  [%]

Solution treated: 1000°C/20mins/WQ (ST 4.1.1) = 299+10 249+11 525427 @ 756+14 31048 & 52+4
Solution treated: 1000°C/40mins/WQ (ST 4.1.2) = 287+11 246+14 519420 740+13 313410 4743
Solution treated: 1000°C/60mins/WQ (ST 4.1.3) = 292+13 239+10 518428 @ 737413 308+14 @ 44+4

The microhardness evolution of all 8, y and (oc+y2) constituent phases shows minimal
variations, all values being within the dispersion variation (see Table 7.15). Overall, it can be
observed that the 5-phase shows a microhardness varying within 287HV0.1 to 299HV0.1
range, y-phase varying within 239HV0.1 to 249HVO0.1 range and, (c+y2) varying within
518HV0.025 to 525 HV0.025 range.

As shown in chapter 6.10.1 (see Table 6.18), it can be noticed that small variations in the
average grain-size of constituent phases are occurring during solution treatment (ST 4.1).
Analysing the case of the &-phase, it can be observed a small increase from 45.5um (ST
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4.1.1) to 34.4um (ST 4.1.2) and, finally, to 28.7um (ST 4.1.3), from 30.9um (ST 4.1.1) to
24.6um (ST 4.1.2) and, finally, to 19.9um (ST 4.1.3) in the case of y-phase and, from 4.4um
(ST 4.1.1) to 5.2um (ST 4.1.2) and, finally, to 6.2um (ST 4.1.3) in the case of c-phase.
According to the Hall-Pech relation, those small increases in the average grain-sizes of the
constituent phases will lead to an overall decrease in the alloy's strength and ductility
properties (see Table 7.15).

6.10.2. Solution treatment at 1050°C (ST4.2) state

Table 7.16 presents the obtained mechanical properties after applying a solution treatment at
1050°C (ST 4.2), with a variable treatment duration of 20min (ST 4.2.1), 40min (ST 4.2.2)
and 60min (ST 4.2.3), on the hot deformed at 1150°C (HD4) samples. Comparing the hot
deformed at 1150°C (HD4) state with the solution treated at 1050°C with a treatment
duration of 20min (ST 4.2.1) state can be observed that the ultimate tensile strength (cuts) is
decreasing, from 765MPa (HD4 state) to 735MPa (ST 4.2.1 state) while the elongation to
fracture (&r) is increased, from 43% (HD4 state) to 80% (ST 4.2.1 state), indicating that the
newly recrystallized microstructure has removed the unwanted/deleterious effects induced by
the intense deformation.

Table 7.16
Mechanical properties of ST 4.2 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1050°C (ST 4.2) b Y o+y2 [:;IJ;;] [I\(/’I;Zal] [;) 1
[HVO0.1] [HVO0.1] [HVO0.025]
Solution treated: 1050°C/20mins/WQ (ST 4.2.1) = 27749 @ 246+16 - 735+7 | 405£10 @ 80#5
Solution treated: 1050°C/40mins/WQ (ST 4.2.2) = 290+10 @ 244+17 - 737+10 406+12 7744
Solution treated: 1050°C/60mins/WQ (ST 4.2.3)  301+12 243+12 - 754+11 406+12  70+4

Analysing the influence of increasing the solution treatment duration from 20min (ST 4.2.1)
to 40min (ST 4.2.2) and, finally, to 60min (ST 4.2.3), it can be seen that ductility property is
decreasing while strength properties are increasing. Also, It can be observed that the ultimate
tensile strength (curts) is continuously increasing, from 735MPa (ST 4.2.1) to 737MPa (ST
4.2.2) and, finally, to 754MPa (ST 4.2.3). A smaller rate of decrease is observed in the case
of elongation to fracture (gf) which is decreasing, from 80% (ST 4.2.1) to 77% (ST 4.2.2)
and, finally, to 70% (ST 4.2.3). The observed decrease must be linked to the induced
microstructural changes (see Table 6.18), where one can observe that increasing the solution
treatment duration leads to a decrease in both the average grain-size and the average weight
fraction of the constituent 3-phase, while the average weight fraction of y-phase was
increased. There is no o-phase induced during solution treatment at 1050°C. The
microhardness evolution of the 5-phase shows a continuous increase in the microhardness
while the microhardness of the y-phase is almost constant. Overall, it can be observed that the
d-phase shows an increase, from 277HV0.1 (ST 4.2.1) to 299 HV0.1 (ST 4.2.2) and, finally,
to 301 HVO0.1 (ST 4.2.3), while the y-phase from 246HVO0.1 (ST 4.2.1) to 244 HVO0.1 (ST
4.2.2) and, finally, to 243HV0.1 (ST 4.2.3) (see Table 7.16). This kind of behaviour must be
linked to the changes in the chemical composition of the constituent & and y phases occurring
during solution treatment.
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7.10.3. Solution treatment at 1100°C (ST4.3) state

Table 7.17 presents the obtained mechanical properties after applying a solution treatment at
1100°C (ST 4.3), with a variable treatment duration of 20min (ST 4.3.1), 40min (ST 4.3.2)
and 60min (ST 4.3.3), on the hot deformed at 1150°C (HD4) samples. Analysing the effects
induced by applying a solution treatment at 1100°C (ST 4.3) with a variable treatment
duration of 20min (ST 4.3.1), it can notice that an increase in alloy overall mechanical
properties is obtained. The ultimate tensile strength (cuts) is increasing from 765MPa (HD4
state) to 769MPa (ST 4.3.1 state) while the elongation to fracture (gf) is increasing from 43%
(HD4 state) to 69% (ST 4.3.1 state), indicating that the newly recrystallized microstructure is
completely free of unwanted/deleterious effects induced by the intense deformation.
Analysing the influence of increasing the solution treatment duration from 20min (ST 4.3.1)
to 40min (ST 4.3.2) and, finally, to 60min (ST 4.3.3), show that both strength and ductility
properties are decreasing. It can be observed that the ultimate tensile strength (curts) is
continuously decreasing, from 769MPa (ST 3.3.1) to 758MPa (ST 4.3.2) and, finally, to
746MPa (ST 4.3.3). A small rate of decrease is observed in the case of elongation to fracture
(gf), which is decreasing, from 69% (ST 4.3.1) to 65% (ST 4.3.2) and, finally, to 62% (ST
4.3.3). The observed decrease must be linked to the induced microstructural changes (see
Table 6.20), where one can observe that increasing the solution treatment duration leads to an
increase in both the average grain-size and the average weight fraction of constituent 5-phase
(decrease in average weight fraction of the constituent y-phase).

Table 6.17
Mechanical properties of ST 4.3 state.
Mechanical properties
Structural state / Microhardness
Solution treatment at 1100°C (ST 4.3) é Y o+y2 ouTs 002 of
[MPa] [MPa] [%]
[HVO0.1] [HVO0.1] [HVO0.025]
Solution treated: 1100°C/20mins/WQ (ST 4.3.1) = 311+15  241+11 - 769+11 406+11 69+4
Solution treated: 1100°C/40mins/WQ (ST 4.3.2) = 311+10 255+10 - 758+16 402+12  65+2
Solution treated: 1100°C/60mins/WQ (ST 4.3.3)  354+17 @ 265+11 - 746+12 404+9 = 6243

The microhardness evolution of 6 and y phases, also, shows a continuous increase. Overall, it
can be observed that the &-phase shows an increase, from 311 HVO0.1 (ST 4.3.1) to 311
HVO0.1 (ST 4.3.2) and, finally, to 354 HVO0.1 (ST 4.3.3), while the y-phase, from 241 HV0.1
(ST 4.3.1) to 255HV0.1 (ST 4.3.2) and, finally, to 265 HVO0.1 (ST 4.3.3) (see Table 7.17),
indicating that the changes in the chemical composition of the constituent 6 and y phases are
minimal.

7.11. Conclusions

The following conclusions arise from the advanced analysis of the F55 SDSS alloy
mechanical properties evolution during thermomechanical processing:

e The ferrite (3) phase is responsible for the strength properties, the austenite (y) phase
for ductility properties, while the sigma (o) phase induces embrittlement; the
mechanical behaviour is governed by the following competing mechanisms, firstly, the
law of constituent phase mixture and, secondly, the Hall-Pech grain-size influence; the
average grain-size and the weight fraction of the microstructural constituents (austenite
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v-phase, ferrite 3-phase and sigma o-phases), are influencing the exhibited mechanical
behaviour;

e Generally, for a solution treatment temperature assuring precipitation of the sigma (o)
phase, it can be observed a significant deterioration of the ductility properties (i.e.
elongation to fracture) in comparison with the strength properties, due to the induced
embrittlement, even for small precipitated weight fractions; i.e. in the case of samples
hot deformed at 1100°C (HD 3) and solution treated at 1000°C with a treatment
duration from 20min (ST 3.1.1) to 60min (ST 3.1.1) it was noticed a significant
decrease in the elongation to fracture, from 66% (ST 3.1.1) to 37% (ST 3.1.3), while
the ultimate tensile strength showed a smaller decrease, from 762MPa (ST 3.1.1) to
673MPa (ST 3.1.3);

e Generally, for a solution treatment temperature above the necessary threshold to assure
the precipitation of the sigma (o) phase, it can be observed that the strength and
ductility properties are strictly related to the law of constituent phase mixture and the
Hall-Pech grain-size influence; the best combination of mechanical properties, high-
strength — high ductility, is obtained for a solution treatment performed just above the
sigma (o) precipitation threshold (1050°C); i.e. an ultimate tensile strength close
793Mpa, elongation to fracture close to 61%, were recorded in the case of HD 1 + ST
1.1.1, respectively 793MPa and 61% in the case of HD 2 + ST 2.1.1, respectively
764MPa and 65% in the case of HD 3 + ST 3.1.1 and, respectively 735MPa and 80% in
the case of HD 4 + ST 4.1.1;

e In order to control the alloy's mechanical behaviour and to obtain a suitable
combination of strength-ductility properties, one must control the morphology, grain-
size and weight fraction of the alloy’s constituent phases.

Chapter 8:General conclusions, personal contributions,
recommendations and future research directions

8.1. General conclusions

The thesis deals centrally with the investigation of the influence of the thermomechanical
processing parameters/conditions upon the developed/induced microstructure and mechanical
behaviour in the case of S32760 / F55 Super Duplex Stainless Steel (SDSS) alloy. As a key
influence parameter in the thermomechanical processing route, the thesis considers the
generation/precipitation of the deleterious o-phase, which plays a key role in both the
microstructure and the mechanical behaviour.

The following key general conclusions are emerging from the thesis:

e During mechanical processing, by hot rolling, increasing the deformation temperature,
from 1000°C (HD 1) to 1150°C (HD 4), leads to an increase in the defect’s density in
both the austenite (y) and the ferrite (3) phases.

e During mechanical processing, by hot rolling, increasing the deformation temperature,
from 1000°C (HD 1) to 1150°C (HD 4), leads to an increase in the average weight
fraction of ferrite (8) phase, from 45.8wt% (HD 1) to 59.3wt% (HD 4) and decrease in
the average weight fraction of austenite (y) phase, from 50.7wt% (HD 1) to 40.7wt%
(HD 4), due to the increase kinetics of the y = & phase transition.
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The o-phase was precipitated in the microstructure during mechanical processing, by
hot rolling, at deformation temperatures below 1000°C. The o-phase induces
embrittlement, with a detrimental effect on the alloy’s mechanical behaviour.
Therefore, the hot deformation temperature must be higher than 1000°C, ideal above
1050°C, to prevent the generation/precipitation of the o-phase within the S32760 / F55
alloy microstructure.
Applying a solution treatment, from 1000°C to 1100°C, after hot deformation leads to
regeneration of both parent austenite (y) and ferrite (8) phases, all showing a low
density of defects, no in-grain rotations/deflections and low residual strain-stress fields.
The o-phase was precipitated in the microstructure, during thermal processing by
solution treatment, at treatment temperatures below 1000°C (ST1.1, ST2.1, ST3.1 and
ST4.1 states) and, its weight-fraction increases with the increase in the solution
treatment duration, the highest amount being obtained in all cases for the solution
treatment performed with a treatment duration of 60min: ST1.1.3 ~ 5.5%wt; ST2.1.3 ~
2.9%wt; ST3.1.3 ~ 7.4%wt; ST4.1.3 ~ 5.5%wt. Therefore, the thermal processing by
solution treatment must be performed at a treatment temperature higher than 1000°C,
ideal above 1050°C, to prevent the generation/precipitation of the o-phase within the
S32760 / F55 alloy microstructure.
The o-phase can be generated as follows:

o atd/y grain boundaries, within the 3-phase grains, by 6 = o precipitation.

o at &/ & grain boundaries, within the &-phase grains, by &6 2 o + v2 eutectoid

decomposition / precipitation.

An increase in the solution treatment temperature, from 1000°C to 1100°C, leads to an
increase in average grain-size of both austenite (y) and ferrite (8) phases; the highest
values being recorded in the case of samples hot deformed at 1150°C (HD 4) and
solution treated at 1100°C for 60min (ST 4.3.3) when the average grain-size of the
austenite was close to 40.6um and the average grain-size of the ferrite was close to
112pum;
An increase in the solution treatment temperature, from 1000°C to 1100°C, leads to an
increase in the average weight fraction of the ferrite (3) phase and a decrease in the
average weight fraction of the austenite (y) phase; the highest average weight fraction
of the ferrite phase being recorded in the case of samples hot deformed at 1150°C (HD
4) and solution treated at 1100°C for 60min (ST 4.3.3) - close to 66.7wt%, while the
average weight fraction of the austenite phase - close to 33.3wt%;
Annealing twins are formed within the austenite (y) phase during solution treatment.
The ferrite (8) phase is responsible for the strength properties, the austenite (y) phase
for ductility properties, while the sigma (o) phase induces embrittlement; the
mechanical behaviour is governed by the following competing mechanisms, firstly, the
law of phase mixture of constituent phases and, secondly, the Hall-Pech grain-size
influence; the average grain-size and weight fraction of the microstructural constituents,
austenite (y), ferrite (8) and sigma (o) phases, are influencing the mechanical behaviour
the F55 alloy.
Generally, for a solution treatment temperature assuring precipitation of the sigma (o)
phase can be observed a significant deterioration of ductility properties (i.e. elongation
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to fracture) in comparison with strength properties, due to the induced embrittlement,
even for small precipitated weight fractions; i.e. in the case of samples hot deformed at
1100°C (HD 3) and solution treated at 1000°C with a treatment duration from 20min
(ST 3.1.1) to 60min (ST 3.1.1) it can be noticed a significant decrease in elongation to
fracture from 66% (ST 3.1.1) to 37% (ST 3.1.3), while the ultimate tensile strength
showed a smaller decrease, from 762MPa (ST 3.1.1) to 673MPa (ST 3.1.3).

e Generally, for a solution treatment temperature above the necessary threshold to assure
the precipitation of the sigma (o) phase, it can be observed that the strength and
ductility properties are strictly related to the law of phase mixture and the Hall-Pech
grain-size influence; the best combination of mechanical properties, high-strength —
high ductility, is obtained for a solution treatment performed just above the
precipitation threshold of the sigma (o) phase (1050°C); i.e. an ultimate tensile strength
close 793MPa and elongation to fracture close to 61% recorded in the case of HD 1 +
ST 1.1.1, 793MPa and 61% in the case of HD 2 + ST 2.1.1, 764MPa and 65% in the
case of HD 3 + ST 3.1.1 and, 735MPa and 80% in the case of HD 4 + ST 4.1.1;

e Based on the obtained results in terms of microstructural and mechanical behaviour
data, one can design a suitable thermomechanical processing route consisting of two
processing stages, firstly, dealing with the hot deformation processing and, secondly,
dealing with the solution treatment processing, to obtain a suitable combination of
mechanical properties consisting of both high-ductility and high-strength.

8.2. Personal contributions
In terms of novelty, a series of original/personal contributions resulting from this thesis can
be summarized as follows:

e A complex literature study, focused on Super Duplex Stainless Steel (SDSS) alloy,
mainly on S32760 / F55 alloy, containing roughly equal proportions of ferrite/austenite
phases, focused on the most influential thermomechanical processing parameters
(combining mechanical and thermal processing), aiming to obtain a suitable
combination of mechanical properties.

e Development of an original experimental program, considering the existing laboratory
infrastructure in the University POLITEHNICA of Bucharest, to achieve the assumed
objectives.

e Investigation of the effects induced by hot deformation, in the S32760 / F55 alloy, in
the experimental space of deformation temperatures ranging from 1000°C to 1150°C.

¢ Investigation of the effects induced by the solution treatment on the microstructure and
the exhibited mechanical properties, in a wide range of treatment temperatures ranging
from 1000°C to 1100°C, with solution treatment durations ranging from 20mins to
60mins.

e Obtaining proper thermomechanically processed S32760 / F55 alloy samples, to be
used in assessing the processing induced effects on the developed microstructure and
mechanical properties.

e Development of specific investigation and characterization procedures, focused on
S32760 / F55 alloy, to obtain confident data about the microstructure and the
mechanical properties, by SEM, tensile and microhardness testing.
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8.3. Recommendations

The performed experiments, focused on S32760 / F55 alloy, have shown that it is possible to
obtain a suitable combination of mechanical properties (i.e., high strength and high ductility)
when an appropriate thermomechanical processing route is applied. The following general
recommendations can be made:

e When the objective is only to deform the S32760 / F55 alloy, the hot deformation
processing must be performed at temperatures between 1050°C — 1100°C, to avoid the
formation of the deleterious o phase and to maximize the ductility properties (i.e., at
1050°C no o-phase was detected and the ductility — expressed by the elongation to
fracture — reached the maximum value of approx. 50+2%). At higher deformation
temperatures (> 1100°C) one must also consider the induced decrease in the ductility due
to the y > & phase transition.

¢ When the objective is to heat treat the S32760 / F55 alloy and to obtain the final desired
mechanical properties (i.e., high strength and/or high-ductility properties), then the
solution treatment must be performed at a temperature above 1000°C, in order to avoid
formation of the deleterious o phase. The ideal solution treatment temperature is situated
close to 1050°C with a treatment duration of 20min when both high strength and high-
ductility properties are obtained.

e When the maximum strength or ductility properties are envisaged the thermomechanical
processing route must be performed as follows:

o The highest ultimate tensile strength, close to 793+8MPa, was obtained in the
case of hot-rolled at 1050°C (HR2) and solution treated at 1050°C for 20mins
and WQ (ST 2.2.1) state.

o The highest elongation to fracture, close to 80+5%, was obtained in the case of
hot-rolled at 1150°C (HR4) and solution treated at 1050°C for 20mins and
WQ (ST 4.2.1) state.

8.4. Future research directions
The future directions to continue the research in the field of thermomechanical processing
and characterization of SDSS alloys can be summarized as follows:

e In addition to conventional examination methods, other advanced investigation
techniques, such as: X-ray diffraction (XRD), transmission electron microscopy
(TEM), etc, to accurately study the occurred microstructural changes within the alloy’s
microstructure (constituent phases, phase morphology, crystallography, etc.),
precipitation of secondary phases, etc., to give insights into understanding the
relationship between the microstructure and the exhibited mechanical properties.

e In addition to considering solution treatment processing parameters (treatment
temperature and treatment duration), one may also consider the influence of cooling
conditions, which can introduce a new level of complexity to the analysis procedure.

e The possibility to expand the thermomechanical processing routes with additional
processing steps, i.e., ageing treatments may give rise to a better combination of
strength/ductility properties, thus expanding the possible end-user applications.
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